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ABSTRACT 

The  objective  of  this  task  was  to  develop  on  economical,  arch-shaped  shelter, 
utilizing  pneumatically-placed  mortar,  as  an  alternate  to  existing  standard  types. 
Criteria  and  plans  for  a  lOO-man  shotcrete  shelter  are  presented  which  will  provide 
protection  against  an  overpressure  of  100  psi  and  concomitant  effects  from  nuclear 
weapons.  Shotcrete  is  recommended  because  of  the  economic  advantages 'gained 
from  using  a  single  lightweight  form  as  opposed  to  the  heavy  double  form  required 
for  conventionally  placed  concrete.  An  effort  has  been  mode  to  provide  a  balanced 
and  versatile  design  which  may  be  adapted  to  the  specific  needs  of  various  Commands, 

Methods  for  the  design  of  the  basic  structural  components  of  the  shelter  are 
given,  including  a  method  for  estimating  the  relative  displacement  between  the 
floor  and  the  foundation  when  the  itn  -.ture  is  subjected  to  blast  loading.  Simple 
yet  adequate  design  procedures  j.-s  given  which  are  suitable  for  use  in  the  design 
office. 
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INTRODUCTION 


This  final  report  presents  plans  and  recommended  criteria  for  a  reinforced-concrete 
alternate  to  Navy  standard  personnel  shelters.  The  work  was  accomplished  under  Task 
Number  Y-F01 1-08-328,  "Concrete  Personnel  Shelter. "  The  purpose  of  the  task,  as 
defined  by  the  Bureau  of  Yards  and  Docks,  ^  was  to  "develop  an  economical  arch-shaped 
structure,  using  pneumatically  placed  mortar  (shotcrete),  as  an  alternate  to  an  existing 
standard  type  (of  buried  shelter)  now  included  in  NavDocks  P-81. "  ^  The  defined 
objective  required  that  "plans  and  recommended  criteria  for  a  full-scale  shelter  be 
included  as  a  part  of  the  final  report."  1  The  shotcrete  structure  is  desired  to  provide 
a  variety  of  techniques  and  materials  which  can  be  utilized  in  the  event  of  a  national 
emergency. 

The  objectives  of  the  task  were  pursued  through  a  two-phase  program,  which 
included:  (1)  an  investigation  of  techniques  for  forming  and  placing  shotcrete,  and 
(2)  the  development  of  plans,  recommended  criteria,  and  specifications  for  a  shelter 
of  shotcrete  construction.  The  results  of  the  first  phase  have  been  published.  3  They 
prove  that  concrete  containing  aggregates  of  at  least  1/2-inch  diameter  can  be  placed 
by  pneumatic  means  on  lightweight  single  forms.  The  tests  also  demonstrated  that 
surplus  Quonsets  are  excellent  forms  for  shotcrete  shelters. 

This  report  presents  the  results  of  the  second  phase  of  the  program.  It  is  based 
upon  tests  of  buried  metal  and  concrete  arch  shelters  and  studies  of  various  aspects  of 
the  shelter  design  problem.  Pertinent  tests  include  those  performed  at  the  Nevada 
Test  Site,  at  the  Eniwetok  Proving  Ground,  ^  and  in  the  Naval  Civil  Engineering 
Laboratory's  atomic-blast  simulator.  Design  information  and  studies  from  the  literature 
have  been  heavily  drawn  upon  and  are  referenced  throughout  the  text. 

It  was  not  within  the  scope  of  this  report  to  give  a  detailed  treatment  of  shelter 
supplies  and  equipment;  such  treatment  has  been  accomplished  by  others.  7,8  xho 
intent  is  to  treat  In  some  detail  the  aspects  of  shelter  design  which  are  peculiar  to 
the  provision  of  blast  and  radiation  protection  in  the  100-psi  region  and  to  limit 
treatment  of  other  aspects  of  the  shelter  design  problem  to  the  minimum  necessary  for 
adequate  accomplishment  of  the  task  objectives. 

The  material  which  follows  includes  a  review  of  the  general  aspects  of  the  shelter 
problem,  an  itemization  of  recommended  criteria,  and  a  presentation  of  an  architectural 
layout.  Methods  for  the  design  of  the  basic  structural  components  are  described  and 
plans  for  the  recommended  shelter  are  provided.  Specifications  for  the  shelter  have 
been  prepared  under  separate  cover. 
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SHELTER  DEVELOPMENT 
General  Aspects  of  Problem 

The  emergency  nature  of  disasters  dictates  that  the  philosophy  underlying  a  set 
of  criteria  for  a  shelter  be  based  on  the  tenet  that  survival  is  of  primary  importance 
and  that  luxuries  are  secondary  in  arriving  at  an  economical  shelter  concept.  Even 
with  acceptance  of  this  tenet,  opinions  will  differ  as  to  what  are  necessities  and 
luxuries.  For  example,  some  will  contend  that  other  than  a  dirt  floor  in  a  shelter  is 
a  luxury  while  others  will  claim  that  a  concrete  floor  is  a  small  part  of  the  total  cost 
of  the  structure  and  is  a  necessity  to  the  proper  functional  operation  of  the  shelter. 
Obviously,  such  differences  of  opinion  cannot  be  resolved  here,  hence  they  are  left 
to  those  responsible  for  particular  installations. 

The  plans  and  specifications  developed  in  this  study  contain  a  degree  of 
conservatism  consistent  with  current  knowledge  of  soil-structure  interaction.  The 
design  is  not,  however,  os  conservative  as  some  might  think  since  most  contemporary 
judgments  ore  based  upon  the  results  of  tests  of  structures  subjected  to  klloton  weapons, 
which  could  produce  results  considerably  different  from  tests  of  the  same  structures 
subjected  1o  the  same  peak  overpressure  from  megaton  weapons,  These  differences 
must  be  recognized  and  it  should  be  remembered  that  much  work  remains  to  be  done 
to  clarify  the  unknowns  related  to  the  design  and  habitability  of  underground  structures. 
The  development  presented  here,  then,  must  be  regarded  as  an  interim  solution  to 
which  refinements  can  be  made  as  additional  knowledge  becomes  available. 

Requirements 

Designs  of  military  shelters  will  usually  demand  the  provision  of  protection  from 
high-explosive,  nuclear,  biological,  and  chemical  attack.  Shelter  requirements  for 
providing  protection  against  these  modes  of  attack  depend  upon  the  degree  of  protection 
desired.  Unfortunately,  no  complete  scientific  studies  have  been  made  to  determine 
the  optimum  degree  of  protection  which  should  be  provided;  nor  is  there  unanimity  of 
opinion  on  this  matter,  it  is  necessary,  therefore,  to  formulate  a  set  of  requirements 
based  largely  on  judgment,  keeping  in  mind  that  these  requirements  will  likely  be 
changed  when  the  results  of  complete  operations  research  and  other  studies  and  adequate 
laboratory  and  field  tests  become  available. 

In  establishing  the  requirements  it  is  well  to  recognize  that  no  single  shelter 
system  can  meet  all  of  the  needs  of  the  Military  Establishment.  Simple  fallout  shelters 
may  suffice  in  some  cases,  whereas  deep-buried  shelters  may  be  required  for  sensitive 
installations.  Nonetheless,  shallow-buried  structures  offer  a  reasonable  compromise 
for  meeting  many  military  shelter  requirements.  Such  shelters  can  be  readily  adapted 
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as  personnel  shelters,  recovery-crew  shelters,  control  centers,  and  equipment  shelters 
with  relatively  minor  changes  in  auxiliary  and  functional  supplies  and  equipment. 
Although  various  types  of  shelters  will  have  unique  requirements,  most  differences 
will  involve  only  shelter  contents.  The  prime  need,  then,  is  for  an  economical 
shallow-buried  structure  which  embodies  a  relatively  high  degree  of  protection  and 
is  readily  adaptable  to  military  needs. 

These  needs  can  be  largely  satisfied  by  shelters  based  upon  the  criteria  given 
in  the  last  column  of  Table  I.  The  criteria  require  a  resistance  to  a  blast  overpressure 
of  100  psi  with  concomitant  resistance  to  radiation  and  other  ABC  effects.  They  were 
selected  after  a  study  of  criteria,  requirements,  and  specifications  published  by  many 
Investigators  in  the  shelter  design  field  and  after  due  consideration  of  the  basic  problems 
involved.  ^  Other  requirements  are  reflected  in  the  design  drawings  (Appendix  E). 

The  summary  in  Table  I  presents  most  of  the  existing  sets  of  shelter  design  criteria. 
Some  of  these  are  a  result  of  actual  tests,  such  as  those  conducted  by  the  German 
Government  at  Waldrol,  the  U.  S.  Naval  Radiological  Defense  Laboratory  at 
Camp  Parks,  ^  ^  or  the  U.  S.  Army  at  Yuma.  Others  are  a  result  of  studies  in  the 
United  States  which  have  not  involved  actual  tests. Accounting 
for  differences  in  purpose,  the  criteria  of  Table  I  provide  a  reasonably  consistent 
pattern  of  what  Is  needed  in  a  shelter  or  shelter  system.  Doubt  still  exists,  however, 
as  to  what  constitutes  an  acceptable  combination  of  minimum  standards. 

Discussion  of  Criteria 

Occupancy  Time.  An  occupancy  time  of  14  days  is  almost  universally  accepted, 
although  there  are  arguments  for  a  7-day  period.  In  most  situations  (except  when 
cobalt  bombs  are  used)  the  radiation  level  will  be  reduced  sufficiently  ofter  14  days 
to  permit  movement  of  personnel  to  a  remote  locale  with  a  tolerable  radiation  level, 

A  biological  attack  might  require  an  extended  stay  period,  but  a  14-day  stay  time 
is  considered  expedient  for  design  purposes.  It  would  be  possible  to  leave  the  shelter 
for  short  periods  of  time  during  the  14-day  stay  for  operational  purposes. 

Personnel  Capacity.  Studies  of  the  psychological  and  control  problems 
encountered  in  shelters  cite  the  advantages  of  maintaining  the  capacity  of  shelters 
at  100  or  less  persons.  Two  factors  favor  smaller,  more  widely  scattered  shelters. 

First,  access  is  readily  available  for  more  people.  Second,  psychological  problems 
are  less  likely  to  arise  when  people  are  not  crowded  together.  Qn  the  other  hand, 
large  shelters  are  less  expensive  per  capita.  From  the  military  standpoint  it  would 
seem  desirable  to  have  a  number  of  smaller,  dispersed  shelters  to  better  insure  survival. 
A  shelter  capacity  of  100  men  is  considered  a  suitable  compromise  of  all  factors. 
Provision  should  be  made  for  an  emergency  overload  capacity  of  100  percent,  with 
additional  blast-protection  capacity  in  the  entranceway. 
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Overpressure  Resistance.  For  military/  purposes  it  is  usually  desirable  that 
shelters  be  capable  of  withstanding  a  relatively  large  blast  overpressure  laading. 

A  resistance  of  100  psi  provides  a  high  probability  of  survival  from  kiloton  and 
megaton  blasts,  although  a  recent  study  suggests  that  resistance  to  250  psi  can 
be  justified.  No  doubt  resistance  to  1,000  psi  can  be  justified  for  missile  com¬ 
plexes  and  similar  protective  structures,  but  such  installations  are  beyond  the  scope 
of  the  type  considered  here. 

It  is  almost  axiomatic  that  an  economical  shelter  must  be  buried  to  resist  100  psi; 
however,  the  depth  of  burial  is  usually  determined  by  the  amount  of  radiation  attenua¬ 
tion  necessary  rather  than  by  the  overpressure. 

Radiation  Protection.  Radiation  protection  is  provided  economically  by  earth 
cover.  At  a  range  corresponding  to  100  psi  the  maximum  initial  gamma  radiation 
would  be  1  X  10^.  20  /a,  radiation  reduction  factor*  of  10,000  is  necessary  to  reduce 
this  amount  of  initial  radiation  within  the  shelter  to  10  roentgens.  A  depth  of  cover 
of  5  feet  and  an  arch  thickness  of  10  inches  (concrete)  combine  to  give  an  equivalent 
depth  of  6  feet  3  Inches.  This  amount  of  cover  (based  on  103-pcf  soil)  will  provide 
the  required  reduction  of  initial  gamma  radiation.  21  Negligible  Initial  neutron 
radiation  will  enter  the  shelter  through  the  ground  under  the  worst  conditions  at  a 
range  corresponding  to  100-psi  overpressure.  The  effect  of  residual  radiation  will 
be  negligible  with  6  feet  3  inches  of  effective  soil  cover,  so  prompt  radiation  is 
essentially  all  that  will  be  received  by  occupants  during  the  shelter  stay  period. 

Entrance  Time.  The  allowable  time  to  fill  a  shelter  depends  on  the  warning 
time  in  advance  of  an  attack.  A  warning  time  of  15  minutes  is  considered  maximum 
in  this  day  of  high-speed  intercontinental  missiles.  For  design  purposes  a  warning 
time  of  10  minutes  is  selected  because  of  the  probability  of  increased  missile  speeds 
and  delivery  from  submarines. 

Entrance  and  Exit.  The  entrance  and  emergency  exit  should  have  a  configuration 
that  will  cause  the  immediate  radiation  level  to  be  reduced  to  10  roentgens  at  the 
opening  in  the  arch  endwall.  For  best  radiation  protection,  minimum  length  of  entrance 
tunnel,  and  minimum  cost,  the  stairway  should  be  as  steep  as  practicable  and  approxi¬ 
mately  3  feet  wide.  For  these  conditions  at  high  densities  (over  0.2  persons  per  square 
foot)  the  velocity  for  hurried  movement  would  be  about  2.2  feet  per  second  on  the 
stairs,  and  slightly  greater  in  the  level  passageway.  22  xhg  fill  time  for  a  typical 
entranceway  with  stairs  for  100  persons  moving  at  2.2  feet  per  second  and  at  a  flow 
rate  of  60  persons  per  minute  (single  file)  would  be  2  minutes.  A  minimal  8-mlnute 
period  would  be  left  for  moving  to  the  shelter  and  closing  the  doors. 

*  The  radiation  reduction  factor  is  the  ratio  of  the  radiation  dosage  which  would  be 
received  exterior  to  the  shelter  to  that  dosage  which  would  be  received  Inside  the 
shelter. 
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Table  I.  Personnel  Shelter  Criteria 


Source 

Reference  No. 

P-81 

2 

OCDM 

13 

NROL 

U 

Ponero 

14 

Sub 

Army 

(Yumo) 

12 

German* 

(P-290) 

6 

AEC 

16 

German 

(Waldrol) 

10 

Voorhees 
et  qI 

17 

Proposed 

1.  Time  of  Occupancy,  doys 

14 

14 

14 

14 

- 

1 

- 

14 

5 

14 

14 

2.  Capacity,  pettons 

SO-100 

vories 

100 

vories 

- 

40 

50 

100 

45 

- 

100 

3.  Overpressure 

Resistonce,  psi 

varies 

- 

varies 

(10-35) 

- 

- 

60 

125 

35 

125 

- 

100 

4.  Radiation  Reduction  Factor 

- 

5,000 

- 

5,000 

- 

- 

- 

10,000 

- 

10,000 

5.  Entrance  Time,  minutes 

■ 

- 

- 

- 

- 

- 

5 

- 

10 

6.  Means  of  Ingress  and  Egress,  no« 

- 

2/200 

I/IOO 

2 

- 

2/40 

2/50 

- 

2/45 

- 

2/100 

7,  Space:  Areo,  fl^/mn 

10 

10 

12 

1A.5 

17.1 

nbeut  B 

12 

6.0 

12-20 

7-8 

Volume,  ftVmon 

- 

65 

115 

- 

- 

90 

about  8S 

117 

obout  50 

- 

65 

B.  Air  Supply,  cfm/mon 

3 

6.  75  min. 

4 

- 

5 

- 

- 

5.9 

3 

6** 

9.  Emergency  Air  Supply, 

CO,  bol. 

yes 

1.2 

cfm/mart 

COj  abs-erp. 

10.  Air  Rurlficolion,  type 

fllfr 

Commerc. 

filler 

- 

Dual 

filters 

- 

Sarsd 

filler 

• 

Send 

filter 

Gloii-flber 

filter 

Collective 

protector 

II.  Blost  Closure 

y.. 

no 

no 

no 

no 

no 

no 

no 

no 

yes 

12.  Decuntomlnation  Showers,  no. 

yes 

1/200 

no 

no 

no 

no 

no 

no 

nw 

1/50 

13.  lovotories 

1/50 

1/50 

hieb.l 

4/IU 

1/15 

- 

• 

• 

- 

1/100 

14.  Toilets:  Type 

Chemleol 

Flush 

Chemical 

Chemkol 

Flush 

Chemleol 

Chemleol 

Flush 

both 

either 

Chemleol 

Number 

1/25 

1/35 

1/50 

4/144 

lAo 

1/40 

2/50 

1/25 

2/45 

1/35 

1/50 

13.  Potable  Woter,  gol/mon/doy 

odequote 

1 

0.50 

4 

1  fact.) 

- 

- 

3/52 

- 

0.25 

0.50 

I6i  Food,  ftVn'on/14  days 

Army  lA 

2 

varies 

3 

20 

- 

- 

2,  (XK)  col/ 
mon/doy 

2  (Army  eombot  ration) 

17<  Ughllng;  Type 

Fluor. 

Sufflc, 

Incon. 

Fluor. 

Fluor. 

Fluorescent 

Intensity 

5-25  Ic 

to  read 

2-25  fc 

- 

- 

- 

5-25  fc 

10-20  fc 

18.  Emergency  Lighting 

- 

Trickle 

lonttrm 

- 

- 

- 

Flashlt  & 
Condles 

Lonterni,  Gandies, 

Phot,  tape 

19.  Sleeping  Faell. ,  %  of  cap. 

33% 

50% 

100% 

50% 

- 

- 

50% 

33% 

50% 

20.  Trosh  Disposal,  type 

- 

yes 

Polyeth.  bags 

- 

- 

- 

- 

- 

- 

2  Cl  cans,  Plostic  bogs 

21.  Flrst-Ald  Equipment 

- 

yeS 

yes 

- 

- 

- 

- 

yei 

0. 5 

22.  Flre>Fightlng  Equip. ,  type 

- 

yes 

- 

- 

- 

- 

- 

- 

2  CO2  bottles 

23.  Rod.  Monitoring  Equipment 

- 

yes 

Dosimeter 

- 

- 

- 

- 

2  AN-PDR-2,  1  AN-POR-10, 

1  AN-PDR-18,  10  Dosimeters 

24.  Commun.  Equipment,  type 

- 

Receiver, 

Telephone 

Trnmeerver. 
AM  receiver 

- 

- 

- 

:j 

Bottcry 

radio 

1  Transceiver,  1  AM  receiver, 

1  Telephone 

*  These  cases  ore  for  Class  A,  (he  largest  type. 

**  May  vory  upward  to  suit  geographic  locotion  of  shelter. 
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Care  must  be  taken  in  selecting  the  entry  and  exit  configurations  to  prevent 
excessive  radiation  streaming  into  the  shelter  and  to  preclude  the  occurrence  of 
large  reflected  pressures  on  or  near  the  door.  The  exit  problem  is  solved  most  easily 
by  making  it  of  conduit  filled  with  dry  material  such  as  coarse  washed  gravel.  The 
gravel  may  be  drained  into  the  shelter  when  it  is  necessary  to  use  the  emergency  exit. 

Space.  The  floor  orea  and  the  cubic  content  of  a  100-man  shelter  depend 
primarily  upon  the  amount  of  sleeping  and  seating  facilities  required.  Areas  from 
3.55  to  17  square  feet  per  person  are  specified  in  Table  I.  The  German  criterion 
of  3,55  square  feet  of  area  and  27  cubic  feet  of  volume  per  person  54  is  considered 
an  absolute  minimum  for  survival.  An  area  of  7  to  8  square  feet  with  a  volume  of 
65  cubic  feet  per  person  is  recommended  as  a  more  comfortable  minimum,  which 
would  provide  for  some  overload  capacity  of  the  shelter.  The  volume  of  65  cubic 
feet  per  person  is  considered  a  minimum  compatible  with  the  recommended  floor 
area. .  if  beds  are  provided  for  bunking  no  more  than  50  persons  at  any  one  time, 
this  area-volume  would  allow  an  emergency  overload  of  100  percent,  it  is  emphasized 
that  an  area  of  7  to  8  square  feet  per  person  can  be  justified  only  if  sufficient  volume 
is  provided  and  if  operational  considerations  are  not  of  such  a  nature  as  to  be  the 
controlling  factor. 

Air  Supply.  The  preceding  space  requirements  presume  a  ventilated  shelter. 

An  adequate  supply  of  fresh  air  must  be  maintained  to  restrict  effective  temperature 
rise,  remove  offensive  odors,  and  provide  necessary  air  renewal.  The  quantity  of 
air  required  canr.ct  be  readily  defined  because  of  its  dependence  on  odor  control, 
humidity,  and  the  outside  air  temperature.  23  Por  outside  conditions  of  75  degrees 
dry-bulb  and  65  degrees  wet-bulb,  the  standard  600-cfm  U.  S.  Army  Chemical 
Corps  filter  unlt24  will  maintain  an  effective  temperature  of  about  80  degrees 
Fahrenheit  within  the  shelter.  For  more  severe  outside  conditions  a  unit  of  considerably 
greater  capacity,  and  possibly  air  conditioning,  may  be  required  particularly  if  a 
shelter  overload  is  anticipated. 

Technical  personnel  associated  with  tests  of  a  Navy  shelter  at  Bethesda,  Maryland, 
consider  2  cubic  feet  per  minute  to  be  adequate  for  controlling  the  O2,  CO,  and,  CO2 
content  of  the  air,  but  that  larger  quantities  will  usually  be  required  to  maintain  the 
effective  temperature  at  an  acceptable  maximum.  In  warmer  climates  it  is  likely  that 
air  conditioning  will  be  required  to  limit  the  maximum  effective  temperature  to  less 
than  85  degrees.  There  are  still  uncertainties  concerning  shelter  ventilation  require¬ 
ments  and  future  tests  may  indicate  o  need  for  modification  of  requirements  which  are 
presently  regarded  as  satisfactory. 

Core  should  be  taken  to  assure  that  a  positive  pressure  is  maintained  within  the 
shelter  to  prevent  contaminants  from  entering.  Generally  a  pressure  of  1/2  inch  of 
water  is  adequate  for  this  purpose.  Experience  has  shown  that  even  this  smoll  pressure 
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Is  difficult  to  maintain  unless  great  care  is  taken  in  the  design  and  construction  of  the 
shelter  to  eliminate  any  possible  source  of  leaks,  The  exhausted  air  should  be  drawn 
through  the  decontamination  areas  to  assist  in  the  removal  of  contaminated  matter  and 
to  assure  that  such  matter  is  not  carried  Into  the  living  area.  Vents  which  can  be 
manually  opened  and  closed  (so  as  to  permit  maintaining  a  relatively  constant  internal 
pressure  regardless  of  the  air  volume  input  of  the  ventilation  system)  can  be  placed 
in  the  shower  doors.  A  monometer  should  be  installed  for  measurement  of  the  pressure 
within  the  shelter. 

Blast-closure  valves  are  required  for  both  the  air  inlet  and  exhaust  ducts.  The 
closure  valve  should  be  constructed  so  that  leakage  is  minimal,  thus  eliminating  the 
need  for  a  surge  chamber.  A  spare  filter  for  the  filter  unit  should  be  stored  on  top  of 
the  main  unit  in  the  event  the  filter  is  damaged  through  malfunction  of  the  blast- 
closure  valves. 

Ideally,  hand-blowers  with  a  minimum  capacity  of  300  cfm  should  be  attached 
to  the  intake  ventilation  system  to  maintain  life  in  the  shelter  if  the  power  fails.  The 
hand  blowers  should  be  connected  to  the  intake  system  In  such  a  way  that  the  filter 
of  the  filter  unit  is  utilized.  In  extreme  emergencies,  the  air  could  be  provided  by 
by-passing  the  filter  unit  or  by  opening  the  exterior  doors.  Of  course,  such  measures 
would  risk  contamination  of  the  interior  of  the  shelter  and  would  provide  air  only  for 
a  short  period  of  time  unless  atmospheric  conditions  were  quite  favorable. 

Decontamination.  In  a  military  shelter  it  would  be  necessary  to  provide  showers 
for  decontamination  if  BW  or  CW  or  severe  fallout  is  anticipated  and  if  entry  of  con¬ 
taminated  persons  is  expected.  Two  showers  are  desirable  —  one  for  preliminary 
washdown  while  clothed  and  one  for  washdown  when  undressed.  The  preliminary 
washdown  can  be  accomplished  in  the  shelter  entry.  A  simple  gravity  tank  arrangement, 
with  a  settling  tank  below  for  purification,  would  allow  a  recirculating  water  system. 
Chlorine  concentrate,  which  is  a  sterilizing  chemical  and  an  effective  destroyer  of 
certain  biological  agents,  should  be  available.  ® 

Sanitation.  It  is  desirable  to  keep  the  number  of  toilets  to  an  acceptable 
minimum  because  of  the  relatively  large  amount  of  space  they  require.  One  chemical 
toilet  for  50  persons  is  considered  sufficient  if  portable  toilets  with  plastic  bags  are 
available  for  emergencies.  Portable  toilets  can  be  set  up  in  the  shower  or  the  entryway 
to  afford  privacy  once  the  shelter  is  closed.  Chemical  toilets  are  preferable  to  water 
closets  for  the  following  reasons: 

1,  Lower  cost.  —-Elaborate  piping  is  not  required, 

2,  Reduced  water-storage  capacity.  —No  water  need  be  stored  to  flush  toilets. 

3,  Added  safety.  —The  openings  in  the  shelter  necessary  for  water  closets  are 
not  needed. 
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If  water  closets  are  used  they  should  be  equipped  with  cheek  valves  to  prevent 
waste  from  being  forced  bock  into  the  shelter  by  the  blast. 

Potable  Water.  Man  can  survive  on  1  quart  of  water  a  day  when  inactive. 
Considerably  more  water  should  be  available,  however,  because  of  the  possibility 
of  high  interior  temperatures  and  the  probability  of  intermittent  outdoor  or  indoor 
activity.  Two  quarts  per  man  per  day  is  considered  an  acceptable  minimum  in  mild 
climates,  but  where  shelter  occupants  are  subjected  to  relatively  high  effective 
temperatures  up  to  1-1/2  gallons  per  person  per  day  may  be  necessary.  Sufficient 
water  should  be  provided  for  minimal  accommodation  of  100  percent  overload. 

Water  may  be  stored  interior  or  exterior  to  the  shelter.  Interior  storage  has 
the  advantage  of  not  requiring  openings  through  the  shelter  for  pipes  and  of  assuring 
against  loss  of  water  through  a  failure  in  the  supply  system  caused  by  the  relative 
motions  between  the  soil  and  the  shelter  and  the  soil  and  the  storage  tank.  Interior 
storage  does  require  considerable  cubage  which  might  be  used  for  storage  of  other 
supplies. 

Perhaps  more  important  than  whether  the  water  is  stored  inside  or  outside  the 
shelter  is  whether  a  circulating  supply  system  should  be  used.  Water  can  be  stored 
for  long  periods  of  time  in  proper  containers  without  loss  of  purity.  Thus,  a  circu¬ 
lating  system  is  desirable  but  is  not  necessary  to  the  sustenance  of  life. 

From  a  strict  safety  and  minimum  cost  point  of  view,  interior  storage  in  sealed 
containers  is  recommended. 

Food.  It  is  desirable  to  have  a  type  of  food  which  requires  a  small  storage 
cubage  and  which  will  not  deteriorate  rapidly  with  age.  The  individual  combat 
ration  used  by  the  Army  meets  both  requirements.  It  contains  3, 667  calories,  far 
more  than  the  1,  500  to  2,000  minimum  daily  requirement  of  an  adult.  Storage  of 
Army  rations  for  a  14-day  stay  time  requires  2  cubic  feet  of  space  per  person. 
Additional  information  on  "hotel  packages"  is  available  elsewhere.  7/  18 

Lighting.  Lighting  facilities  should  be  minimal  to  help  maintain  a  tolerable 
heat  level.  A  light  Intensity  of  20-foot  candles  is  sufficient  in  sitting  areas,  and 
10-foot  candles  would  be  adequate  in  entranceways.  No  lights  at  all  are  required 
in  sleeping  areas,  although  minimal  lighting  may  be  provided  for  convenience. 
Five-foot  candles  are  adequate  in  all  areas  outside  of  the  sitting  area.  Fluorescent 
lights  give  off  less  heat  than  incandescent  and  should  be  used  in  preference  to  the 
latter. 
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Several  long-life  fluorescent  lanterns  should  be  available  for  emergeney 
purposes.  Also,  phosphorescent  tape  should  be  placed  around  doorways  and  at 
partition  corners  to  define  openings. 

Sleeping  and  Seating  Facilities.  Tiered,  movable,  stretcher-type  bunks  are 
inexpensive  and  most  suitable  for  shelter  use.  Only  50  bunks  are  required  if  sleeping 
is  done  in  two  shifts. 

Folding  chairs  are  desirable  for  seating  since  they  can  be  folded  and  stored 
when  the  space  is  desired  for  other  purposes.  Chair  seating  should  be  supplemented 
with  benches. 

Trash  Disposal.  Trash  would  consist  primarily  of  contaminated  clothing  and 
refuse  from  the  food  rations.  Two  garbage  cans,  located  in  a  radiological  ly  isolated 
area,  are. adequate  for  trash -dispose  I  purposes.  Presumably  these  cans  could  be 
emptied  periodically  during  the  shelter  stay  period  if  necessary. 

Fire  Protection.  Threat  from  the  fire  storm  which  may  accompany  a  nuclear 
attack  depends  largely  upon  the  location  of  the  shelter.  In  most  military  installations 
the  problem  would  not  exist,  but  in  a  few  cities  in  the  U.  S.  it  might  be  a  problem. 
Still,  the  threat  must  be  considered.  The  major  effect  of  a  fire  storm  Is  to  consume 
oxygen  !n  the  air  exterior  to  the  shelter  and  to  develop  a  partial  vacuum  which 
may  draw  air  from  the  shelter,  A  warning  should  be  posted  within  the  shelter  that 
if  a  fire  storm  develops  the  shelter  should  be  kept  sealed  for  5  to  6  hours.  The 
carbon-dioxide  content  would  build  up  to  about  6  percent,  and  the  oxygen  concen¬ 
tration  would  reduce  to  15  percent;  however,  these  conditions  are  not  deleterious, 
as  submarine  studies  26  and  tests  on  rats  27  have  shown.  During  the  5-  to  6-hour 
period,  the  fire  storm  would  have  subsided  sufficiently  to  allow  use  of  exterior  air. 
Thus,  the  problem  of  a  fire  storm  can  be  solved  without  artificial  supply  of  oxygen 
or  absorption  of  carbon  dioxide.  The  effective  temperature,  however,  may  rise  to 
an  uncomfortable  level  unless  oir  conditioning  is  available.  In  cases  where  a  seal- 
up  of  longer  than  6  hours  is  envisioned,  a  complete  carbon-dioxide  absorption  unit 
and  oxygen-introduction  system  should  be  added  to  the  existing  air-supply  system. 

Two  small  carbon-dioxide  fire  extinguishers  should  be  provided  to  combat  fires 
within  the  shelter.  Wherever  possible,  materials  within  the  shelter  should  be  fireproof. 

Radiation  Monitoring  Equipment.  Table  1  indicates  the  minimum  amount  of 
radiation  monitoring  equipment  that  should  be  in  the  shelter.  Additional  equipment 
may  be  included  to  meet  military  operational  requirements. 

Communications  Equipment.  Communications  equipment  requirements  also 
depend  upon  the  military  function  of  a  particular  shelter.  Table  1  indicates  the 
minimum  desirable. 
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Electrical  Equipment.  Power  requirements  will  vary  with  the  operational 
requirements  of  a  shelter.  For  a  personnel  shelter,  the  only  power  required  is 
3  kilowatts  for  the  filter  unit,  lighting,  and  the  communications  equipment  (providing 
no  electric  coffee  urns,  hot  plates,  etc.,  are  used).  Thus,  a  5-kw  generator  will 
suffice  if  procedural  precautions  are  taken.  A  5-kw  generator  cannot  meet  the 
demand  of  the  fixtures  ond  simultaneously  provide  sufficient  power  to  start  the  motor 
on  the  filter  unit.  Therefore,  a  5-kw  generator  will  suffice  only  if  precoutions  are 
taken  to  assure  that  other  loads  are  disconnected  for  the  brief  time  during  which 
the  motor  is  started.  Normal  line  power  should  be  available  for  non-emergency 
operation. 

Concern  has  been  expressed  that  generators  of  less  than  15-kw  capacity  are 
not  sufficiently  reliable  to  use  in  a  shelter.  In  the  interest  of  conserving  fuel  and 
minimizing  air  requirements,  those  who  are  apprehensive  about  the  reliability  of 
small  generators  might  secure  two  of  identical  model,  use  them  intermittently,  and 
cannibalize  one  for  parts  if  both  should  break  down.  It  is  doubtful  that  this  would 
be  necessary  since  emergency  air  and  light  sources  can  be  activated  in  the  event 
of  a  generator  failure.  In  addition  to  the  larger  Initial  investment,  use  of  large 
generators  Involves  problems  of  providing  space,  fuel,  and  air  to  meet  their  needs. 

Where  two  or  more  shelters  are  nearby,  a  central  large  diesel  generator, 
suitably  arranged  for  self  starting,  could  be  tied  into  the  several  individual  electrical 
systems  with  single  small  gasoline  generators  in  each  shelter  retained  as  standby  units. 
The  several  small  generators  could  be  cross-connected  to  provide  back-up  power  in 
the  event  of  failure  of  any  single  unit. 

The  generator  should  be  wired  to  cut  off  automatically  when  the  blast-closure 
valves  are  activated  if  the  valves  are  of  a  design  which  cannot  be  relied  upon  to  open 
when  the  pressure  wave  has  passed.  Shutting  down  the  generator  will  prevent  an 
accumulation  of  exhaust  gases.  Valves  such  as  the  recently  tested  (but  not  yet 
reported)  Breckenridge  valve  eliminate  the  need  for  such  shutdown. 

Miscel Igneous  Equipment.  Other  items  that  should  be  provided  are  extra 
clothing,  hand  tools,  and  adequate  medical  and  first-aid  supplies.  Optional  items 
such  as  periscopes  or  games  might  be  included;  however,  in  general  there  will  not 
be  sufficient  space  within  the  shelter  to  accommodate  much  extraneous  equipment 
unnecessary  to  the  sustenance  of  life. 

Many  items,  such  as  types  of  electrical  conduits  and  water  seals,  are  not 
discussed  here  nor  included  in  Table  I.  Only  those  basic  items  are  included  which 
are  considered  essential  for  the  conceptual  design  of  a  military  personnel  shelter. 
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Architectural  Layout 

A  shelter  which  meets  the  criteria  of  Table  I  as  discussed  above  is  shown  in 
Appendix  E.  Many  layouts  are  possible  within  the  imposed  limitations.  The  authors 
believe  the  layout  shown  is  among  the  more  functional. 

Selection  of  an  entry  configuration  is  the  most  perplexing  problem  in  the  layout 
of  a  shelter.  There  are  numerous  considerations  in  arriving  at  a  suitable  layout,  many 
of  which  are  not  obvious  at  first  thought.  An  arrangement  must  be  sought  which  will 
satisfy  all  of  the  various  requirements,  including: 

1.  Short  ingress  time 

2.  Provision  of  blast  protection 

3.  Sufficient  radiation  reduction 

4.  Access  to  the  generator  and  filter  unit  from  within  the  shelter  for  repair 
and  maintenance 

5.  Isolation  of  the  shelter  living  area  from  the  noise  and  fumes  of  the  generator 

6.  Low  cost 

Several  of  these  requirements  are  incompatible,  particularly  short  Ingress  time  and 
low  cost. 

The  cheapest  and  simplest  entranceway  or  emergency  exit  would  be  a  vertical 
tube  with  a  ladder  as  shown  in  Figure  1.  For  trained  military  personnel,  the  flow 
rate  on  such  ladders  is  17.4  persons  per  minute,  22  which  would  allow  the  shelter 
to  be  filled  in  6  minutes.  For  civilians  or  untrained  military  personnel,  a  flow  rate 
of  5.6  persons  per  minute  is  found  to  be  typical,  22  which  would  allow  the  shelter 
to  be  filled  in  18  minutes.  The  latter  situation  is  considered  typical  for  shore 
establishments  where  many  civilians  and  untrained  military  personnel  would  be 
involved.  The  fill  time  of  18  minutes  does  not  meet  the  criteria  of  Table  I,  hence 
the  vertical  ladder  cannot  be  employed  unless  one  is  willing  to  relax  the  require¬ 
ments  for  fill  time.  Multiple  vertical  tubes  could  be  used  to  reduce  the  fill  time, 
but  with  such  a  configuration  the  cost  would  approach  that  for  other  layouts  which 
provide  much  easier  access. 
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Figure  1.  Vertical  tube  as  an  entry. 
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Perhaps  the  next  layout  one  might  envision  is  the  L»shaped  configuration  shov/n 
in  Figure  2.  This  would  be  a  very  excellent  entry  for  low  overpressure  regions/  but 
It  poses  problems  for  the  high  overpressure  regions.  Specifically,  the  reflected  pres~ 
sures  at  the  end  of  the  tunnel  and  at  the  door  are  exceedingly  high.  For  the  100-p$i 
level,  the  reflected  pressure  from  a  shock  directed  down  the  tunnel  is  on  the  order  of 
500  to  800  psi.  Providing  a  tunnel  endwall  and  a  door  which  will  resist  this  pressure 
becomes  an  expensive  problem.  One  might  suggest  the  use  of  a  horizontal  door  at 
the  surface  to  overcome  the  problems  of  reflected  pressure  in  the  L-shaped  entry. 

This  would  seem  to  be  a  reasonable  suggestion,  but  when  one  actually  gets  into  the 
design  of  such  a  door  it  is  soon  discovered  that  the  mass  of  the  door  becomes  exceedingly 
great.  Consequently,  the  door  becomes  difficult  to  open  and  close,  a  massive  founda¬ 
tion  is  required,  the  probability  of  jamming  increases,  and  the  cost  goes  up. 

In  the  proposed  alternate  entry,  shown  in  NCEL  Drawing  No,  936971  of 
Appendix  E,  the  generator  and  filter  unit  are  located  in  rooms  within  the  main  shell 
of  the  shelter.  This  arrangement  is  satisfactory  provided  that  large  lateral  motions 
of  the  arch  do  not  occur  on  loading,  if  lateral  displacement  occurs,  the  partitions 
will  be  cracked  end  the  filter-unit  and  generator  rooms  will  no  longer  be  sealed  from 
the  living  area,  and  carbon  monoxide  or  gasoline  fumes  might  get  into  the  shelter. 

For  these  reasons,  the  alternate  entry,  while  much  more  aesthetic  in  appearance, 
is  not  recommended  over  the  prime  entry. 

The  prime  entry,  Drawing  No.  936965,  meets  all  of  the  requirements  listed 
above  except  one  --  it  is  expensive.  Unfortunately,  meeting  the  established  criteria 
is  not  readily  accomplished  inexpensively.  Steps  and  handrails  are  omitted  from  one 
side  of  the  tunnel  to  cut  costs;  nonetheless,  the  entry  represents  a  sizoble  percentage 
of  the  total  cost  of  the  shelter,  as  is  revealed  In  more  detail  later  in  the  report. 

The  plan  of  the  shelter  proper.  Drawing  No.  936961,  provides  for  sleeping 
48  men  at  one  time  (two  less  than  suggested  by  the  criteria  of  Table  I)  and  seating 
52  others  on  chairs.  Additional  seating  is  available  on  the  benches  in  the  bunking 
area  and  in  the  dress  and  dry  area.  An  open  area  approximately  1 1  feet  by  12  feet 
is  available  for  exercising,  food  distribution,  and  other  miscellaneous  functions. 

Reasons  for  the  layout  become  more  apparent  after  a  discussion  of  the  functional 
characteristics  of  the  shelter. 

Functional  Characteristics 

The  flow  of  traffic  on  ingress  may  be  directly  into  the  shelter  or,  at  the 
discretion  of  the  shelter  commander,  through  the  decontamination  showers.  A 
preliminary  shower  is  located  in  the  entry  which  is  also  intended  to  serve  as  the 
undress  area.  G1  cans  for  contaminated  clothing  are  located  inside  the  filter  unit 
room.  After  passing  through  the  showers  one  enters  the  dress  and  dry  area  which  is 
screened  from  the  living  area  by  a  curtain.  Decontaminated  persons  would  then 
receive  a  smock  from  the  storage  area  and  proceed  into  the  shelter  living  space. 
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The  berth  arrangement  is  such  that  the  lower  berths  can  be  converted  Into 
tables  for  special  occasions.  Folding  benches  are  provided  for  use  at  the  tables  and 
for  auxiliary  use  in  the  event  of  overload  of  the  shelter. 


Two  chemical  toilets  are  located  within  the  shelter  and  two  portable  lavatories 
with  disposable  plastic  bags  are  to  be  provided  for  emergency  use.  The  air-supply 
system  is  arranged  so  that  odors  from  the  toilets  will  be  purged  into  the  exhaust  air. 


Flow  of  air  within  the  shelter  is  as  follows:  Exterior  air  is  drown  in  through 
the  filter  unit,  which  removes  the  contaminants;  it  is  then  distributed  within  the 
shelter  and  exhausted  through  the  decontamination  areas  and  generator  room  to  the 
atmosphere.  The  doors  to  the  filter  unit  room  and  the  generator  room  are  sealed  to 
insure  the  desired  circulation  of  air  and  to  obviate  the  possibility  of  gases  and  fumes 
from  the  generator  entering  the  shelter.  These  rooms  also  serve  as  surge  chambers 
In  the  event  of  leakage  past  the  blast-closure  valves. 


The  filter  and  the  generator  are  both  accessible  in  a  protected  area  from  within 
the  shelter  for  servicing  and  maintenance.  Still,  the  filter  unit  is  isolated  from  the 
shelter  so  that  radioactive  particles  accumulated  in  the  filters  cannot  contaminate 
t  persons  within  the  living  area. 

Other  functional  features  of  the  shelter  are  relatively  standard. 

DESIGN  OF  SHELTER 
Design  Parameters 

Most  of  the  design  parameters  are  implicit  in  the  requirements  of  Table  I. 

Others  are  given  in  Table  II.  The  site  conditions  listed  in  the  latter  table  are 
restrictive,  but  insufficient  information  is  available  at  present  to  warrant  liberalizing 
or  generalizing  them.  The  problem  of  water  tables  close  to  the  surface  is  a  particu¬ 
larly  difficult  one  which  requires  careful  attention. 

Assumptions  which  are  used  in  the  design  of  the  shelter  are  given  in  the  sections 
of  the  report  to  which  they  apply.  Rather  gross  assumptions  are  necessary  because  of 
insufficient  knowledge  in  certain  areas.  Knowledge  of  soil -structure  interaction  is 
at  present  particularly  limited,  although  extensive  research  currently  in  progress 
.  should  alleviate  the  situation. 
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Value  or  Equation 


Comments 


psi 

4,000 

Type  III  cement 

7-day  strength 

psi 

0.  15  f 
c 

pit 

0.04  f  +  4,000  p  +  rf 
c  y 

p  =  A Aid 
r  =  Aybd 

psi 

0.04  r  +  4,000  p 

psi 

1,800,000  +  460  P 

psi 

1.25  f 

f 

psi 

30,000,000 

Static  value  and 
assumed  dynomic 
value 

120 

In-place  density  of  sand 
at  the  site;  Backfill  con¬ 
solidated  by  vibratory 
methods  or  by  water 

Ib/in.  ^ 

258 

Ib/in.  ^ 

174 

feet 

3  feel  or  more  below 
bottofe  Foce  of  Footings 

psf 

6,000 

degrees 

35°  (minimum) 

Static  value 

psi 

100 

unitless 

1.0 

unitless 

1.5 

Behavior  of  Buried  Arches 

Before  proceeding  to  a  discussion  of  the  design  of  the  shelter  it  Is  instructive 
to  review  the  general  aspects  of  behavior  of  burled  shelters  subjected  to  long-^uration 
blast  loading.  As  the  pressure  wove  travels  downward  through  the  soil  at  the  seismic 
velocity  (about  1  foot  per  millisecond  in  dry,  we  1 1 -compacted  sand)  it  rapidly  envelops 
the  structure.  The  nature  of  the  response  is  such  as  to  produce  essentially  radial 
loading  on  the  arch  in  a  relatively  short  period  of  time.  Thus,  the  only  moments  of 
consequence  are  those  induced  in  the  first  few  milliseconds  after  the  pressure  wave 
strikes  the  surface  of  the  arch.  Radial  loading  occurs  primarily  through  the  develop¬ 
ment  of  passive  pressures  on  the  sides  of  the  arch  as  they  move  into  the  soil.  It  is 
the  passive  pressures  which  limit  the  moment  and  make  it  possible  for  a  flexible 
structure  to  sustain  large  blast  loads. 

The  motion  of  a  burled  arch  to  a  long-duration  blast  is  fundamentally  a  body 
motion  resulting  from  compaction  under  the  footings  and  punching  of  the  footings 
into  the  soil.  This  action  is  desirable  if  the  footings  are  designed  so  that  the  punching 
is  not  excessive.  The  body  motion  of  the  arch  Into  the  soil  assures  the  development 
of  the  full  arching  capacity  of  the  soil.  Resistance  from  arching,  incidently,  is 
relatively  insignificant  for  shallow-buried  structures  as  compared  to  that  from  the 
development  of  passive  pressure. 

At  present  the  design  of  buried  arches  is  based  upon  an  assumed  equivalent- 
static  loading  because  of  limitations  In  the  knowledge  of  the  behavior  of  soil -structure 
Interaction  and  the  availability  of  suitable  analytical  methods.  The  equivalent 
loading  must  be  based  on  the  judgment  of  the  engineer  and  the  limited  amount  of 
test  data  available.  ^ 

Arch  Design 

Of  various  design  techniques  proposed  for  buried  arches,  29  perhaps  the  most 
elementary  and  satisfactory  is  the  plastic  design  method.  20  This  method  involves 
assuming  the  location  of  plastic  hinges  and  solving  a  virtual-work  equation  for  the 
plastic  moment,  from  which  the  section  properties  may  be  obtained.  Results  from 
this  method  and  others,  of  course,  are  contingent  upon  the  correctness  of  the  assumed 
configuration  of  loading. 

Test  results  indicate  that  the  space-time  variation  of  loading  on  a  burled 
concrete  arch  is  approximately  as  defined  in  Figure  3.  At  the  time  of  maximum 
deflection,  the  load  distribution  on  the  arch  is  given  by  the  relation 
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This,  then;  is  the  load  used  as  the  equivalent  static  load  for  designing  against 
long-duration  blast  loads.  A  design  using  the  plastic  method  and  based  on  Equation  1 
is  given  in  Appendix  A. 

Equation  1  does  not  account  for  the  slight  asymmetry  of  loading  noted  In  the 
tests  and,  therefore,  it  is  recommended  that  equal  tension  and  compression  reinforce¬ 
ment  be  used  to  avoid  failure  at  plastic  hinges  from  lateral  motions  of  the  structure. 

Also,  Equation  1  does  not  allow  for  any  reduction  in  pressure  with  depth  or  allow 
for  reduction  in  peak  overpressure  due  to  the  transient  nature  of  the  loading. 

Tests  of  small-scale  buried  arches  which  have  been  performed  in  the  NCEL 
blast  simulator  show  that  there  is  a  great  deal  of  difference  between  the  behavior 
to  short-  and  long-duration  loading.  The  increased  duration  at  100  psi  from  a 
megaton  weapon  over  a  kiloton  weapon  is  exceedingly  important  in  influencing  the 
resistance  level  of  a  buried  arch.  The  Influence  of  load  duration  on  burled  structures 
has  been  displayed  in  chart  form  based  on  an  approximate  analytical  development.  31 
From  the  chart  it  is  readily  determined  that  for  a  cubical  structure  with  a  floor  area 
of  1,000  square  feet,  the  ratio  of  the  peak  blast  load  which  the  structure  will  with¬ 
stand  to  the  static  collapse  load  is  2.6  for  a  20-kiloton  weapon  and  1.4  for  a  megaton 
weapon.  That  is,  the  roof  would  have  to  be  almost  twice  as  strong  to  resist  100  psi 
from  a  megaton  weapon  as  it  would  to  resist  the  same  pressure  from  a  20-klloton  weapon. 


Figure  3.  Load  distribution  on  arch. 
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Test  results^  gnd  shell  theory  show  that  tensile  stresses  develop  at  approximately 
45  degrees  to  the  longitudinal  axis  near  the  endwalls.  Steel  must  be  Included  to 
prevent  excessive  cracking  in  these  regions.  These  tensile  stresses  are,  in  effect, 
diagonal  tension  stresses  when  the  entire  arch  is  considered  as  a  beam.  Design  of 
the  necessary  diagonal  tension  steel  is  given  in  Appendix  D. 

it  is  desirable  that  the  arch  steel  descend  downward  into  the  endwalls  to  assure 
continuity  between  the  arch  and  the  endwalls.  The  arch  steel  should  also  be  tied  to 
the  footing  reinforcement. 

Endwalls 

Design  of  the  endwalls  Is  facilitated  by  use  of  the  yield-line  theory  with  a 
procedure  for  determining  the  dynamic  response  of  simple  beams.  Assuming  that  the 
endwall  acts  as  a  semicircular  plate  with  fixed  edges  and  that  the  effect  of  axial 
compression  in  the  endwall  is  negligible,  a  yield-line  fwttern  is  developed  as  shov/n 
in  Figure  B1  of  Appendix  B.  The  corresponding  relationship  between  the  unit  moment, 
m,  and  the  applied  uniform  load,  w,  is  of  the  form 


m  =  c  w 
s 


where  c  Is  a  constant, 
s 

The  load  on  the  "equivalent  simple  beam"  (of  span  L  equal  to  the  endwall  radius), 
is  computed  from  the  known  ratio  of  moments: 


"^bm 


With  this  load,  one  can  enter  available  design  charts determine  the  percentage 
of  tension  and  compression  steel  required  to  resist  a  given  blast  load.  The  procedure 
is  delineated  in  Appendix  B. 

The  portion  of  the  overpressure  which  acts  on  the  endwall  will  depend  on  the 
characteristics  of  the  soil  and  may  be  calculated  from  Rankine's  Equation.  34  |f 
the  angle  of  friction  of  the  soil  is  not  reodily  available,  the  following  ratios  of 
lateral  pressure  to  ground -surface  overpressure  may  be  used.  30 
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Cohesion  less  soils,  damp  or  dry  k  =  1/4 

Cohesive  soils,  not  saturated  k  =  1/2 

Cohesive  soils,  soft  consistency  k  =  3/4 

Saturated  soils  k  =  1 

Reinforcing  steel  should  be  placed  normal  to  the  yield  line  wherever  possible 
and  care  should  be  exercised  to  ascertain  that  the  arch  reinforcement  extends  beyond 
the  high-moment  regions  of  the  endwall. 

Entranceway  Design 

Tube  Layout  and  Design.  The  entranceway  (Drawing  No,  936965,  Appendix  E) 
consists  of  elliptical  corrugated -metal  tubes  in  the  shape  of  a  "T, "  which  allow  ingress 
and  egress.  Small  compartments  are  provided  off  the  leg  of  the  "T"  for  the  generator 
and  the  collective  protector.  A  blast  door  and  supporting  wall  are  located  at  the 
Intersection  of  the  legs  of  the  entry.  This  geometrical  arrangement  was  chosen  to 
provide  isolation  of  the  shelter  occupants  from  radiation,  blast,  and  fumes,  as  dis¬ 
cussed  under  the  section  on  requirements. 

The  use  of  a  stairway  for  entry  Is  dictated  by  the  requirement  for  short  access 
time;  the  length  of  the  legs  is  governed  by  the  radiation  criteria;  the  location  of  the 
generator  and  collective-protector  compartments  is  established  by  the  need  for  access 
and  for  isolation  of  these  items  of  equipment.  Ingress  through  either  the  primary  or 
the  alternate  entranceway  can  be  accomplished  at  a  rate  of  about  60  persons  per 
minute,  permitting  the  shelter  to  be  filled  in  about  2  minutes.  Entry  of  contaminated 
persons  would  be  much  slower  because  of  the  need  for  showers. 

Blast  protection  for  additional  persons  is  provided  by  the  leg  of  the  "T"  in  the 
primary  entranceway.  Figure  4  indicates  the  point  at  which  prompt  radiation  reaches 
an  unsafe  level. 

The  design  for  the  primary  entranceway  Is  detailed  in  Appendix  C. 

An  alternate  entranceway  (Drawing  No.  936971)  Is  proposed  when  all-concrete 
construction  Is  desired.  The  radiation  design  for  the  alternate  entranceway  follows 
the  same  procedure  as  that  used  for  the  primary  entranceway.  The  same  type  of  blast 
door  is  proposed  for  both.  The  structural  design  of  the  alternate  entranceway  is 
straightforward,  using  principles  set  forth  in  the  literature.  30 


Figure  4,  Danger  limit  For  initial  radiation. 
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In  addition  to  providing  radiation  protection,  the  entry  must  be  designed  to 
withstand  the  air-blast-induced  ground  shock  and  the  differential  motions  which 
will  occur.  To  accommodate  the  differential  movements,  a  clearance  of  2  inches 
is  allowed  between  the  tube  and  the  shelter  and  between  the  tube  and  the  blast  wall. 
No  difficulty  from  differential  movements  is  expected  in  the  metal-to-metal 
connections. 

Blast  Door.  A  blast  door  for  an  operational  shelter  must  have  four  primary 
characteristics.  It  must  (I)  resist  the  design  blast  pressure,  (2)  be  capable  of  being 
opened  and  closed  quickly,  (3)  be  readily  available,  not  overly  expensive,  and 
have  sufficient  width  to  permit  ropid  entry  of  personnel  and  handling  equipment. 

These  characteristics  are  admirably  met  in  the  tension-type  door  developed  by  the 
Germans,  hence,  It  Is  employed.  The  particular  door  specified  for  the  shelter,  a 
32-lnch  by  68-lnch  medium  steel  door,  is  depicted  in  Appendix  E. 

A  concrete  blast  wall  is  required  to  anchor  the  blast  door  and  to  transfer  the 
load  on  the  door  to  the  soil.  Details  of  the  blast  wall  are  shown  in  Drawing 
No.  936962.  The  concrete  is  feathered  to  the  outside  tube  so  that  the  blast  wave 
will  not  rip  out  the  wall. 

Secondary  Doors.  The  doors  at  the  entrance  to  the  shelter  proper,  to  the 
generator  space,  and  to  the  collective-protector  room  must  be  airtight.  Navy 
quick-acting  doors  are  specified,  inasmuch  as  they  quite  likely  will  be  available 
from  Navy  salvoge  yards.  In  addition  to  their  quick-opening  characteristics,  these 
doors  have  the  advantage  of  providing  secondary  blast  protection. 

Other  doors  in  the  shelter  serve  no  critical  function  other  than  to  divide  spaces; 
they  are  described  in  the  drawings  and  specifications. 

Stairs  and  Floor.  The  steps  in  the  entrance  are  of  expanded  metal.  The 
attachments  are  of  sufficient  strength  to  resist  damage  from  the  shock  wave  provided 
they  are  not  struck  by  missiles.  A  concrete  floor  is  used  in  other  portions  of  the 
entry  as  shown  in  the  drawings. 

Water  Seals.  Water  seals  are  afforded  at  the  Juncture  of  the  Inner  tube  with 
the  shelter  and  the  blast  woll  by  gluing  a  plastic-strip  seal  to  the  adjacent  components. 
Such  a  strip  will  seal  the  2-lnch  gap  and  allow  for  some  differential  motions  between 
components., 

Drainage.  Both  legs  of  the  entranceway  are  drained  to  a  sump  located  outside 
the  blast  door.  The  sump  is  covered  with  a  grill.  Drainage  from  the  sump  to  an 
exterior  drainage  line  must  be  provided. 
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Footing  Design 

The  hypothesis  has  been  posed  that  It  is  desirable  to  have  the  foundation  act 
independently  of  the  floor  slab  and  for  the  footing  to  punch  into  the  supporting  soil 
when  it  is  subjected  to  blast  loading.  The  amount  of  punching,  of  course,  must  be 
limited  to  a  few  inches.  The  volidity  of  the  hypothesis  is  subject  to  question  on  these 
grounds:  (1)  multiple  loading  could  result  in  excessive  deflections,  and  (2)  if  the 
load  carried  by  arching  across  shallow-buried  structures  is  small  (as  indicated  by 
recent  unpublished  tests  on  model  arches)  there  is  little  to  be  gained  by  permitting 
the  foundation  to  punch  into  the  soil.  Since  better  information  is  not  available, 
the  foundation  for  the  recommended  shotcrete  shelter  Is  based  on  the  ofore-stated 
hypothesis. 

The  footings  ore  designed  to  limit  the  deflection  of  the  footing  relative  to  the 
floor  slab  to  3  inches.  It  is  deflection  and  not  bearing  capacity  which  determines 
the  size  of  footing  required.  Unfortunately,  precise  calculation  of  deflection  is 
not  possible  with  present  knowledge  because  of  the  lack  of  dynamic  soils  test  data. 

Not  only  is  data  lacking  on  the  dynamic  properties  of  soil  but  information  on  the 
static  properties  is  incomplete.  For  example,  there  is  little  information  on  the 
variation  of  bearing  pressure  or  passive  pressure  with  depth  or  with  shape  and  size 
of  footing.  Available  Information  Is  usually  from  tests  of  scaled-down  experiments 
wherein  the  applicability  of  results  to  full-size  structures  remains  subject  to  question. 
The  design  method  developed  and  employed  here  is  dependent  upon  the  cited  limita¬ 
tions  in  knowledge. 

The  approach  used  in  the  design  of  the  footings,  as  developed  in  Appendix  D, 

Is  as  follows: 

1.  The  required  width  of  footing  is  estimated  based  on  the  static  loading. 

2.  The  entire  arch  is  treated  as  a  beam  on  an  elastic  foundation  to  determine 
the  flexural  steel  required  in  the  footing,  the  diagonal  tension  steel  required 
in  the  arch,  and  the  deflection  at  mid-span  caused  by  flexure. 

3.  The  need  for  tying  the  foundations  together  is  explored. 

4.  The  required  reinforcement  to  resist  footing  torsion  is  considered. 

5.  The  permanent  deflection  due  to  punching  of  the  footings  into  the  soil  is 
estimated  by  use  of  the  single-degree-of-freedom  analogy. 

6.  The  design  is  revised  as  necessary. 
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The  footings,  as  defined  in  Drawing  No,  936963,  are  based  upon  the  specific 
soil  conditions  given  on  page  68.  Other  soil  characteristics  may  require  design 
modifications. 

Other  Design  Considerations 

Most  features  of  the  shelter  other  than  those  considered  above  are  amenable  to 
design  by  usual  methods  and  are,  therefore,  not  treated  here.  Several  facets  of  the 
design  are  worthy  of  mention  or  explanation;  namely,  the  interior  partitions,  the  seal 
between  the  floor  and  the  foundation,  the  intake  and  exhaust  termini,  the  emergency 
blower,  the  means  of  maintaining  pressure  in  the  shelter,  and  the  costs. 

The  interior  partitions  must  transmit  the  load  of  the  water  tanks  through  the 
floor  to  the  soil;  under  ground-shock  conditions,  the  load  can  be  sizable.  The  best 
information  available  indicates  that  the  tanks  would  be  subjected  to  a  maximum 
acceleration  of  8  g's.  Based  on  this  acceleration,  the  partitions  and  floor  are  quite 
adequate  to  carry  the  induced  loading  provided  a  modest  amount  of  reinforcement 
is  odded  to  the  floor  slab  in  the  vicinity  of  the  partitions  as  shown  in  Drawing 
No.  936962.  Obviously,  the  tanks  must  be  anchored  against  moving  on  their 
mounts. 

The  seal  between  the  floor  and  the  foundation  is  designed  to  maintain  its 
integrity  even  after  large  relative  displacement.  The  seal  is  not  expected  to  prevent 
leakage  under  high  pressures,  but  this  should  not  be  a  problem  except  in  areas  where 
the  water  table  is  high.  Sealing  is  one  of  the  many  aspects  of  shelter  design  which 
warrant  in-service  testing.  A  membrane  waterproof  cover  Is  used  on  the  exterior  of 
the  shelter. 

Another  component  which  warrants  in-service  testing  is  the  external  intake  and 
exhaust  termini  shown  in  Drawing  No.  936967.  The  ventilation  lines  exterior  to  the 
shelter  terminate  with  a  "T"  embedded  in  crushed  rock  below  the  ground  surface,  thus 
precluding  the  possibility  of  damage  from  the  dynamic  pressure  and  the  debris  which 
it  carries.  Debris  and  dust  might  clog  the  Intake  rock  filter,  but  in  such  an  emergency 
it  could  probably  be  cleaned  out  quickly  by  one  of  the  shelter  occupants. 

Another  emergency  measure  would  be  "cutting  in"  the  hand  blower  in  the  event 
of  failure  of  the  filter  unit's  blower  or  the  generotor.  This  would  be  accomplished  by 
closing  the  valve  to  the  regular  air-distribution  duct  and  opening  the  valve  in  the 
hand-blower  line. 

During  occupancy  of  the  shelter,  it  is  important  that  a  pressure  of  about  0.5  inch 
of  water  above  ambient  pressure  be  mointained  in  the  shelter.  This  is  oftimes  difficult 
to  accomplish  unless  particular  care  is  taken  in  sealing  the  structure.  The  interior 
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pressure  is  stepped  down  to  0.3  inch  of  water  in  the  shower  and  finally  to  0. 1  inch 
of  water  in  the  inner  entry  by  means  of  air  pressure  regulators  in  the  doors  to  the 
shower.  A  manometer  should  be  installed  in  the  structure  to  enable  the  occupants 
to  determine  the  sheiter  pressurization  at  any  given  time. 

Costs 


Direct  costs  for  the  shelter  os  designed  are  listed  in  Table  III.  The  total 
direct  cost  for  labor  and  materials  is  $43,043;  allowing  28  percent  for  overhead, 
liability  and  insurance,  social  security  and  unemployment  taxes,  profit,  and  bonds, 
the  estimated  cost  for  construction  of  the  shelter  is  $55,000.  The  estimates  are 
based  upon  current  State  of  California  labor  rates  and  materials  prices  in  the 
Los  Angeles  area.  For  the  State  of  New  York  the  estimates  would  be  increased 
by  14  percent. 

Use  of  a  salvageable  Quonset  instead  of  a  new  one  would  decrease  the  form 
costs  to  $3, 100.  A  plywood  form  for  conventionally  placed  concrete  costs  $6,020; 
hence  a  considerable  saving  can  be  realized  by  the  use  of  shotcrete.  Also,  in 
construction  of  two  or  more  shelters,  the  form  could  be  reused  a  number  of  times, 
thereby  considerably  reducing  the  form  cost  per  shelter. 

From  the  last  column  of  Table  III,  which  expresses  the  cost  of  each  item  as  a 
percent  of  the  total  direct  cost,  it  is  seen  that  the  entranceway  cost  is  the  largest 
single  item.  It  amounts  to  18.2  percent  of  the  total  direct  cost.  The  next  three 
larger  are  the  costs  of  the  forms,  backfill,  and  electrical  work.  Each  of  these  is 
approximately  1 1.5  percent  of  the  total.  Attempts  at  reducing  the  cost  of  the 
shelter  should  be  directed  at  these  items. 

In  situations  where  only  able-bodied  persons  are  to  be  using  a  shelter  it  may 
be  possible  to  use  a  chute,  a  vertical  slide  pole,  or  a  vertical  ladder  to  cut  the 
cost  of  the  entrance.  Fortunately,  several  new  concepts  for  blast-closure  valves 
are  currently  under  development  which  are  certain  to  markedly  reduce  the  cost 
indicated  In  Table  III.  Reducing  the  costs  through  multiple  use  of  the  forms,  use 
of  simple  entranceways  where  possible,  and  reduction  in  the  cost  of  blast-closure 
valves  should  enable  the  total  direct  cost  to  be  reduced  to  within  $35,000. 


Table  III.  Shelter  Costs 


Item 

Direct  Cost* 
(dollars) 

Percent  of 
Total  Cost 

Excavation 

2,700 

6.3 

Backfill 

4, 950 

11.5 

Shotcrete 

2,  800 

6.5 

Reinforcing  steel 

3, 072 

7.1 

Forms 

5, 000 

11.6 

Misc.  carpentry 

563 

1.3 

Misc.  iron  and  sheetmetal  work 

4, 538 

10.5 

Entranceway,  complete  with  stairs,  sump,  doors,  etc. 

7, 828 

18.2 

Water  seals 

391 

0.9 

Electrical  work 

4, 337 

11.3 

Blast-closure  valves 

3,500 

8.1 

Filter  unit 

1,334 

3.1 

5-kw  generator 

1,530 

3.6 

Total 

43,043 

100% 

*  Cost  of  labor,  materials,  and  equipment  charges 
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DISCUSSION 


Comparisons  between  shelters  are  desirable  but  difficult  to  effect.  For  example, 
because  of  differences  in  design  criteria,  it  Is  essentially  Impossible  to  make  a  mean¬ 
ingful  comparison  of  the  so-called  gable  shelter  36  and  the  concrete  shelter  presented 
here.  The  gable  shelter  was  designed  in  the  spring  of  1953  prior  to  Operation 
Upshot/Knothole  —  before  the  detonation  of  the  first  megaton  weapon  in  November 
of  1952.  Since  that  time  the  entire  protective-construction  philosophy  and  approach 
has  changed.  It  is  felt,  therefore,  that  any  attempt  to  effect  a  comparison  between 
the  gable  shelter  and  the  shotcrete  shelter  would  be  meaningless. 

A  second  comparison,  which  suggests  itself  to  those  familiar  with  the  protective- 
construction  field,  Is  between  the  Navy  standard  corrugated-metal  shelter  and  the 
shotcrete  shelter.  Here  again  a  direct  comparison  Is  Impossible  because  the  standard 
metal  shelter  with  ribs  is  only  rated  at  75  psi  capacity,  (The  concrete  shelter  defined 
here  is  designed  for  100  pounds  per  square  inch  overpressure. )  Functionol  arrangements 
could,  of  course,  be  compared  with  modest  gain,  but  this  would  bo  removed  from  the 
prime  purpose  of  this  report. 

Considerable  additional  detailed  information  on  functional  arrangement,  supplies, 
and  equipment  Is  ovoilable  elsewhere,  7/ 55  and  therefore  Is  not  repeated  here. 
Additional  information  may  also  be  gleaned  from  shelters  which  have  been  recently 
designed  and  built.  Among  these  are  the  Navy's  shelter  at  the  Naval  Medical  Center, 
Bethesda,  Maryland,  Y&D  Drawings  No.  881040  through  881047.  It  had  a  circulating 
water-supply  system  which  could  be  employed  with  the  concrete  personnel  shelter. 

A  similar  shelter  designed  primarily  for  fallout  protection  is  in  existence  at  Camp  Parks, 
California,  and  has  been  used  for  several  habitability  studies.  A  modification  of  this 
shelter,  with  a  rearranged  entry,  has  been  built  at  the  Construction  Battalion  Center, 
Port  Hueneme,  California,  and  is  scheduled  for  use  in  control  and  operational  studies. 
Another  corrugated-metal  shelter  with  many  interesting  mechanical  details  was  designed 
for  Operation  Trumpet,  Y&D  Drawings  No.  813481  through  813493,  but  has  not  been 
built.  Other  shelters  of  the  type  being  discussed  have  been  designed,  but  as  yet  few 
shelters  have  been  built  and  even  fewer  have  been  subjected  to  in-service  testing. 

Thus,  the  adequacy  of  contemporary  design  methods  remains  subject  to  opinion. 
This  is  well  illustrated  by  comparing  the  shell  thicknesses  in  Table  IV  required  by 
some  of  the  more  credible  methods.  Methods  A,  37  38  g^d  c39  are  equivalent 

static-load  methods  whose  loading  is  based  upon  the  judgment  of  the  respective 
authors.  These  judgments  give  results  which  vary  by  a  factor  of  almost  two.  Which 
one  is  correct,  if  any,  will  remain  unknown  until  further  test  data  become  available. 
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Table  IV.  Comparison  of  Shell  Thickness  From  Three 
Design  Methods* 


Method 

Shell  Thickness 
(in.) 

Reinforcement 

r/o) 

A 

4.5 

0.5 

B 

8.0 

0.5 

C 

6.5 

0.5 

*  All  calculations  were  based  on  an  ideal  blast  wave  with  a 
peak  overpressure  of  100  psi  and  a  duration  of  250  milli¬ 
seconds.  Working  stresses  were  as  follows; 

Reinforcement  f  =  40,000  psi;  25  percent  Increase  in 
yield  point  for  dynamic  loading. 

Concrete  f  =  5, 000  psi;  E  ==  4,  100, 000  psi. 
c 

Arch  radius  r  =  10  feet. 
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As  do  many  studies,  this  one  has  served  to  emphasize  unknowns  and  generate 
questions.  The  unknowns  are  primarily  those  of  the  basic  static  and  dynamic  properties 
of  soils  and  of  the  mechanics  of  soil-structure  interaction.  Some  of  the  questions  ere 
as  follows: 


1.  Is  100  psi  the  optimum  design  overpressure  level?  Recent  studies  indicate 
that  250  psi  is  a  more  nearly  optimum  value  for  civil  structures. 

2.  Is  the  eorth  cover  and  the  thickness  of  the  concrete  shell  sufficient  to 
provide  protection  from  large  high-velocity  fragments  and  other  missiles? 

3.  Should  shelters  be  built  below  the  ground-water  table  in  areas  where  the 
water  table  is  high;  viz.,  around  most  Navy  bases? 

4.  Should  cylindrical  closed  shelters  be  used  in  high-water-table  regions  to 
obviate  the  sealing  problem  inherent  in  arch  structures? 

5.  What  is  the  difference  in  the  response  of  buried  structures  to  long-  and 
short-duration  loads? 
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Innumerable  lesser  problems  exIsN,  but  these  questions  serve  to  emphaslze-the 
Interim  nature  of  the  solution  represented  by  the  drowmgs  of  Appendix  E.  Considerable 
improvement  in  the  design  should  be  possible  In  the  near  future  as  the  results  of  the 
rather  intense  research  efforts  presently  underway  become  available.  The  plans  are 
looked  upon  as  a  conservative  nucleus  to  which  refinements  can  be  made  in  seeking 
the  optimum  shelter  design. 
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LIST  OF  SYMBOLS 


=  constani'  of  integration 
=  radiation  attenuation  for  leg,  n  =  1,  2,  3. , , 

=  area  of  steel 

=  area  of  steel  in  bottom  of  footing  to  resist  F 
=  area  of  steel  in  top  of  footing  to  resist  F 

Y 

=  area  of  stirrup 

=  length  of  footing;  cross-sectional  dimension  for  torsion  analysis 
=  constant  of  integrotion 
=  width  of  footing;  linear  dimension 
=  width  of  rectangular  section,  inches 
=  reinforcing  cage  width  of  equivalent  section 
=  constant  of  integration;  detruslon  coefficient;  linear  distance 
spring-constant  coefficient 

=  slope  ratio;  distance  to  extreme  fibre;  linear  distance;  coefficient  of 
viscous  damping 

=  constant 

=  distance  from  centroid  of  tension  steel  to  tension  face  of  concrete 
=  diameter;  depth  below  ground  of  contact  face  of  footings 
=  thickness  of  endwall 

=  elevation  of  footing  in  calculations  for  ultimate  bearing  capacity 
=  depth  of  two-way  slab  for  minimum  cost 
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d  =  depth  of  member;  depth  from  compression  foee  to  centroid  of  tensile  steel 

d'  =  depth  from  compression  face  to  centroid  of  compression  steel 

E  =  modulus  of  elasticity  of  soil 

=  modulus  of  elasticity  of  concrete 

=  modulus  of  elasticity  of  steel 

E'  =  increase  in  E  per  unit  depth 

e  =  displacement 

F  =  D'Alembert's  inertia  force 

F  =  loads  on  arch,  n  =  1,2,  3. . . 

n 

F^  =  total  tensile  force  In  an  incremental  depth  of  footing  measured  from 

b  bottom  of  footing 

F  =  total  tensile  force  in  an  incremental  depth  measured  from  top  of  footing 

f^  =  compressive  force 

f  =  compressive  strength  of  concrete 

c 

f  =  stress  in  tensile  steel 

s 

f^  =  tensile  stress 

f(t)  =  forcing  function 

f  -  stress  in  shear  steel 

V 

f^  =  yield  point  of  reinforcement 

G  =  a  factor  which  accounts  for  the  radiation  from  prime  scattering  areas 

H  =  depth  of  footing 

H  =  horizontal  reaction 

a 
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depth  of  soil  medio 

equivalent  depth  of  soil 

moment  of  Inertia 

"I"  of  footing  about  its  top 

"I"  of  the  beam 

"I"  of  arch  about  its  base 

ratio  of  distance  between  centroid  of  compression  and  centroid  of  tension 
to  depth  d 

modulus  of  passive  pressure 
spring  constant  of  analogous  system 

foundation  modulus  In  units  of  pounds  per  cubic  Inch;  kip;  ratio  of  lateral 
pressure  to  ground-surface  overpressure 

foundation  modulus  (spring  constant  for  the  beam)  in  units  of  pounds  per 
inch  squared 

foundation  modulus  in  units  of  pounds  per  cubic  inch  obtained  from 
plute-bearing  tests;  initiol  tangent  to  load-deflection  curve 

spring  constant  in  units  of  pounds  per  inch  of  deflection  obtained  from 
plate-bearing  test 

foundation  modulus  In  units  of  pounds  per  inch 
length  of  the  beam 
lengthy  n  —  1/  2/  3«  •  • 
moment 

moment  at  the  center  of  the  beam 
plastic  moment 


ultimate  moment 


mass;  unit  moment 

resultant  of  soi  I -pressure  forces 

correction  factors  in  ultimate  bearing  capacity  equations 

correction  factors  in  ultimate  bearing  capacity  equations 

maximum  compressive  force  within  the  hypothetical  beam 

distance  from  neutrai  axis  to  extreme  fibre;  a  constant  determined  from 
experiment 

total  load 

upward  load  on  end  of  beam 

total  pressure  on  a  differential  strip  of  soil;  pressure  on  arch  at  any  time 

lateral  hydrostatic  pressure 

fniindnfinn  nretcijre  beneoth  the  footins 

peak  overpressure 

passive  lateral  pressure 

unit  pressure  beneath  plate  or  footing  at  limit  of  region  of  elastic 
behavior,  Ib/in.^ 

uniformly  disturbed  lood,  Ib/in. 

ultimate  shear  strength  of  the  soil 

maximum  resistance 

radius;  effective  radius;  length-to-width  ratio 


axial  thrust 


frictional  forces  on  the  sides  of  footings 

footing  displacement  porometer;  shear  steel  spacing 

maximum  thrust;  period  of  vibration;  transmission  factor;  torque 

torque  in  the  footing 

total  reaction  of  endwall  footing 

thickness  of  the  arch 

depth  of  equivalent  section 

effective  duration  of  the  blast,  seconds 

reinforcing  cage  depth  of  equivalent  section 

equivalent  hydrostatic  uplift  pressure 

total  shear 

vertical  reaction  ot  point  subscripted 
unit  shear 

ultimate  unit  shear  stress 

yield  of  the  weapon,  megatons 

load  per  unit  area  on  endwall 

uniformly  distributed  load  on  a  simple  beam 

width  of  tube,  n  =  1,  2,  3. .. 

displacement  of  spring-mass  system 

deflection  at  center  of  beam 

yield  resistance 


z  ~  variable  depth  within  the  »oi I  foundation 

z  =  location  of  neutral  axis  within  the  cross  section  of  the  arch 

a  =  constant  in  torsion  equation 

/9  =  ioading  coefficient 

|9  ^  =  angle  giving  location  of  the  neutral  axis  of  the  arch  cross  section; 

a  constant  determined  from  experiment 

y  ~  displacement 

A  =  change  in  work 

6  =  unit  displacement 

6^  =  total  displacement  within  a  soil  mass 

f  =  unit  strain 

0  =  angle  of  twist;  angular  coordinate;  angular  rotation 

0^  =  rotation  at  the  support  of  the  hinged-end  arch 

X  =  constant  in  torsion  equation;  characteristic  length  of  the  hypothetlca 

beam 

p  =  density 

to  =  percent  of  reinforcement;  angle  of  internal  friction 

ih  =  angular  rotation 

u  =  frequency 

$  =  cost  of  concrete  in  place 

=  cost  of  reinforcement  In  place 
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Appendix  A 
ARCH  DESIGN 


The  buried  arch  shown  schematically  in  Figure  A1  is  assumed  to  be  loaded  as 
shown  in  Figure  A2.  This  load  distribution  is  justified  on  the  basis  that  it  approximates 
the  load  distribution  at  maximum  deflection  of  structures  tested  at  the  Nevada  Test 
Site^  and  small-size  structures  tested  in  the  Laboratory's  blast  simulator. 


J _ l_l 


With  the  loading  of  Figure  A2  an  ultimate  design  procedure  is  employed  using 
the  assumed  mechanism  of  Figure  A3.  The  Upper  Bound  Theorem  ^0  ossures  that  o 
load  computed  on  the  basis  of  an  assumed  mechanism  will  always  be  greater  than  or 
equal  to  the  actual  ultimate  load.  ^7  and  F3  In  Figure  A3  represent  loads  on  the 
mechanism  which  are  equivalent  to  the  assumed  load  on  the  structures  shown  in 
Figure  A2.  F2  is  the  force  which  represents  the  resistance  due  to  passive  pressure 
in  the  soil. 
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Figure  A3.  Assumed  mechanism  and  equivalent  loading. 


The  procedure  for  developing  the  design  is  to  calculate  the  equivalent  loads, 
establish  the  geometry  relations,  write  a  virtual-work  equation,  calculate  the  depth 
for  minimum  cost,  and  solve  for  the  area  of  steel  required.  30 

For  a  1-foot  width  of  arch,  the  loads  are 


F,  =  2  X  "7  p  r  sin  10  =  1.5  x  100  x  144  x  10  x  sin  10 
1  4  *^0 


(Al) 


=  37, 500  lb 


F_  =  2p  r  sin 35°  =  2  x  100  x  144  x  10  x  rtin35° 
0  o 


(A2) 


=  165,000  lb 

K  9 

F,  =-£.  (2rslnl0°)  6 


(A3) 


For  K  =174lb/in.3: 

P 

174  X  1,728  .  ,,,0^2^ 

Fo  =  - - - (2  X  10  X  sin  10  )  6 

^  2 


Fj  -  lo81  X  10  X  0 
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The  geomelry  relations  required  for  the  virtual-work  equation/  Including  an 
expression  for  the  angle,  <p,  in  terms  of  0,  are  written  with  reference  to  Figure  A45 


.  2  .2 

c  =  -\/  -  b 


and 


V  =  r(l  -  sin  20  )  -  c 


L2  =  2  X  10  X  sin35  =  11.48' 


b  =  2  X  10  X  0  sin  10°  +  10sin70°  =  3.470  +  9.40 


-  -  (3.470  +  9.40)^  =  V -12.040^  -  65.20  +  43.43 


and 


y  =  10(1  -  sin 20  )  -  c  6.58  -  c 


The  distance  through  which  moves  is 


6  2!  -  (0 

2 


=  5.740 


where 


_  -1  r(1  -  sin  20°)  .-1  c 

0  —  Ton  '  — . . .  Tan 

r  sin  70®  ° 


0 


-1  6.58 

tan  - 

9.40 


,  -1  -7-12. 04<o  -  65.2(0  +  43.4 

tan  - : - - - 

3.470  +  9.40 


(A4) 
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From  this  relotion  it  may  be  seen  that  the  required  sectioh  is  a  function  of  the 
tolerable  hinge  ratation,  A  study  of  the  ratio  <ci/0  with  changes  in  S  shews  that  the 
ratio  is  approximately  constant  and,  for  practical  purposes/  may  be  taken  equal  to 
its  value  at  B  equals  5  degrees,  which  is  0,54,  With  this  ratio,  the  last  equation 
becomes 


165,000  X  5.74  x  0.54  -  37,500  x  10  x  sin  10® 

-  1.81  X  10*  X  4- X  10(sinl0°)9  =  2.08M 

U  p 

or  2.08M  =  511,000  -  65,000  -  4. 19  x  10*0  (A7) 

P 

For  small  values  of  6  the  last  term  is  negligible,  and 


446,000 

208 


214, 000  ft-lb/ft 


Next,  the  depth  for  minimum  cost  may  be  colculated,  depending  on  local  costs 
for  concrete  and  reinforcement;^!  or  a  depth  may  be  assumed.  Using  a  depth  of 
10  inches  and  a  25-percent  increase  in  yield  point  because  of  the  dynamic  loading, 
the  required  area  of  steel  is 


A 

$ 


^p  _ 214,000 _ 

l*25fyid  ^  25  X  40  X  10^  X  .875  x  7.5 


0.652  in. 


Use  f*5  at  6  inches  =  0.62  in.  2/ft 

In  selecting  the  section,  the  last  term  in  Equation  A7,  which  represents  the 
resistonce  from  passive  pressure  in  the  soil,  was  neglected.  Yet,  the  magnitude  of 
this  term  becomes  very  large  for  large  values  of  0.  The  reason  for  neglecting  the 
passive  pressure  term  was  to  limit  the  extent  of  cracking  in  the  structure  at  the  design 
load.  The  actual  ultimate  load  capacity,  however,  will  be  considerably  in  excess 
of  the  design  load. 
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The  cited  conservatism  is  desirable  because  of:  (1)  the:|S05]Sibtlft^  ofTrholHp 
loading,  (2)  the  added  resistonce  against  major  cracking  and  sObsdqUdnt  water 
intrusion,  and  (3)  the  cost  to  gain  the  added  resistance  of  the  arch  is  small. 

It  is  interesting  to  note  that  the  resistance  developed  from  passive  pressure  is 
primarily  responsible  for  preventing  large  lateral  motions  and  for  maintaining  an 
essentially  radial  loading  on  the  arch.  Thus,  a  properly  backfilled  buried  arch  of 
modest  proportions  becomes  a  veritable  fortress. 


Appendix  B 

DESIGN  OF  ENDWALLS 


Design  of  the  endwolls  by  the  yield-line  theory  has  the  advantage  of  providing 
results  quickly  and  easily.  Such  a  solution  is  superior  to  the  approximate  methods 
recommended  by  the  ACI^^  because  the  resulting  yield-line  patterns  aid  the  designer 
in  proper  layout  of  the  reinforcement.  Further,  an  "equivalent  simple  beam"  may  be 
defined  by  using  the  moment-load  relation  from  the  yield-line  theory  which  permits 
0  dynamic  solution  by  use  of  available  charts. 

As  an  example,  the  design  of  the  endwall  without  the  opening  for  the  door 
is  considered.  Design  of  the  endwall  is  based  on  the  assumption  that  the  edges  of 
the  endwall  are  fixed  and  that  the  compression  load  "dumped"  into  the  endwalls 
from  the  arch  has  a  negligible  effect  on  the  lateral  load  capacity  of  the  endwall. 

By  assuming  a  yield-line  pattern  os  shown  in  Figure  Bl,  the  moment  per  unit  length, 
m,  for  the  various  parts  is  found  in  terms  of  the  applied  lateral  load,  w,  as  follows: 


Part 

( 1 )  Area 

(2)  Dist.  to  Centroid 

(1)  X  (2) 

Base 

A 

58.0 

1.99 

115.4 

20.0 

B 

24.0 

1.75 

42.0 

9.2 

C 

17.7 

1.9 

33.6 

6.2 

Part  A 

20  X  2m  =  n5.4w 
m  =  2.89w 


Part  B 


9.2  X  2  m  =  42.  Ow 
m  =  2. 28w 


Part  C 


6. 2  X  2  m  =  33. 6  w 
m  =  2. 71w 

m  =  2I62w 
avg 
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By  the  method  of  virtual  work: 


Hag 


Figure  Bl,  Yield-line  pattern. 


If  the  correct  yield-line  pattern  hod  been  assumed  the  moment-load  ratio  would 
be  the  same  for  each  part  of  the  endwall.  Adjusting  the  yield  lines  by  trial  or  employing 
the  method  of  virtual  work,  the  corrected  moment-load  ratio  is  found  to  be  2.67, 


Thus, 

m  =  2. 67  w 

or. 

w  =  0.374  m 
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For  a  simply  supported  beam  with  a  yield  moment,  m,  and  a  span  of  10  feet, 


'^bm 


—  =  0.08  m 

l2 


Therefore, 


'^bm  0.  08  m 

w  0, 374  m 


0.214 


Assuming  that  the  endwall  receives  0.5  of  the  overpressure  and  that  the  load 
factor  is  1.5,  the  load  on  the  "equivalent  simple  beam"  is 


Q-214.x..100^...H4^.5  ^  2,310  psf 


Next,  the  thickness  of  endwail  for  minimum  costal  is  calculated  (or  a  thickness 
may  be  selected  based  upon  the  judgment  of  the  designer).  The  depth  for  minimum 
cost  may  be  found  from  the  relation. 


D„  =  c  +2 
s2  o 


c  =  d'  I  c.,  =  2.5  +  2. 0  =  4. 5 
o  2 


M  =  =  2,310_x_10^  ^  28,900  ft-lb/ft 

«  8  8 

=  0.050  $/in.^ 

$  =  0.00059  $/in.^ 
o 


The  flexure  steel  should  be  placed  normal  to  the  yield  lines  where  possible. 
The  steel  layout  Is  shown  In  Drawing  No.  936963  of  Appendix  E.  A  check  shows 
that  the  endwall  Is  satisfactory  In  bond  and  pure  shear  and  that  no  diagonal  tension 
steel  is  required. 
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Appendix  C 

DESIGN  OF  ENTRANCEWAY 


RADIATION  DESIGN 

Combined  Initial  Gamma  and  Neutron  Radiation 

The  shelter  entranceway  must  be  designed  to  reduce  the  combined  dose  of  initial 
gamma  and  neutron  radiation  to  a  safe  level.  At  the  range  for  which  100  psi  may  be 
expected,  the  initial  radiation  level  will  probably  make  the  entranceway  design  con¬ 
servative  for  residual  radiation.  Consequently,  the  entranceway  is  first  designed  to 
reduce  initial  radiation  to  a  safe  level,  and  then  checked  to  see  if  residual  radiation 
will  present  a  problem. 

A  370-kiloton  fission  bomb  will  produce  maximum  initial  gamma  radiation  at 
the  range  at  which  100-psi  overpressure  will  occur.  20  The  expected  maximum  Initial 
gamma  radiation  level  at  this  range  is  1  x  10^  roentgens;  a  typical  neutron  Intensity 
is  1.85  X  10^  roentgens.  20  A  conservative  method  for  design  Is  to  add  these  two 
radiation  intensities  together  and  consider  the  sum  as  initial  gamma  radiation.  Thus 
the  equivalent  intensity  of  Initial  radiation  would  be  2.85  x  105  roentgens, 

The  maximum  allowable  initial  radiation  level  at  the  door  leading  into  the 
shelter  proper  is  10  roentgens.  Thus  the  attenuation  required  through  the  entranceway 
Is 

A  =  - ^ 3.51  X  lO"^ 

2.85  X  10^ 


The  span  of  the  entrance  tube  is  6-1/2  feet;  the  rise  is  8  feet.  For  this  design 
the  tube  is  idealized  as  being  rectangular  instead  of  elliptical. 

Attenuation  of  radiation  through  the  entranceway.  Drawing  No.  936961  of 
Appendix  E,  is  provided  by  the  two  legs  and  by  the  blast  door  with  its  supporting 
blast  wall.  It  is  assumed  that  the  combination  of  blast  door  and  blast  wall  would 
produce  an  effect  equivalent  to  a  solid  wall  of  steel  1-1/2  inches  thick. 
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For  a  distribut'ed  radiation  source  the  attenuation  for  the  first  (exterior)  leg  is^^ 


A,  = 

1  m2 


2L 


where  L  is  the  length  of  the  first  leg,  and  r  is  the  effective  radius  of  the  opening  and 
is  equal  to  yf  A/ir. 

With  L]  taken  as  24  feet  and  the  area  of  the  opening  52  square  feet,  the 
attenuation  for  the  first  leg  is  found  to  be  1.44  x  lO"^, 

One  and  one-half  inches  of  steel  provides  shielding  equivalent,  by  ratios  of 
density,  to  7. 1  inches  of  103-pcf  soil.  The  attenuation  for  the  door  and  blast  wall 
is  2.5  X  lO-l  21 

Finally,  it  is  necessary  to  determine  the  attenuation  through  the  second  (inner) 
leg.  The  attenuation  through  this  leg  is  given  by^^ 


/'^2\ 

A,  =  0  T)G(-^) 

2 


where  T  *  transmission  factor 

G  =  factor  which  accounts  for  scattering  from  prime  areas 
L2  =  length  of  second  leg 
W2  =  width  of  tube 

This  formula  assumes  a  square  duct,  so  in  this  Instance  W2  will  be  taken  as  7  feet. 
With  L]/wi  =  3,  L2/W2  =  3  (taking  L2  as  14  feet),  a  steel  duct  and  6-mev 
gamma  we  nave  G  =  0.00960.  Then,  neglecting  T,  wo  find  that  A2  is 
2.40  X  10-3. 


The  intensity  of  Initial  radiation  at  the  blast  door  would  be  2  x  1.44  x  10"^ 
X  2. 85  X  10^  =  8. 2  X  103  roentgens.  The  factor  of  2  is  necessary  because  both 
outside  legs  contribute  radiation.  The  intensity  at  the  shelter  would  be 
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8.2  X  103  X  2,5  X  10"^  X  2.40  x  10''3  =  4. 9  roentgens.  This  level  of  radiation 
at  the  shelter  indicates  an  attenuation  for  the  entire  entranceway  of  1.72  x  10“5. 

This  is  greater  than  the  required  attenuation,  so  the  design  is  adequate. 

Residual  Radiation 

Considerable  variation  in  the  amount  of  fallout  at  a  range  corresponding  to 
lOO-psi  overpressure  may  be  expected.  A  maximum  fallout  rate  1  hour  after  the 
explosion  is  10,000  roentgens  per  hour,  which  indicates  an  accumulated  dose  of 
about  86, 500  roentgens  for  a  person  in  the  open  for  a  period  of  two  weeks. 

Since  the  energy  level  of  residual  radiation  is  less  than  that  of  initial  radiation, 
it  is  more  easily  absorbed  by  the  surrounding  media.  Therefore  the  attenuation  of 
residual  radiation  through  the  designed  entranceway  would  be  greater  than  that  for 
initial  radiation.  Hence,  since  the  dose  due  to  residual  radiation  is  less  than  that 
for  initial  radiation,  the  entranceway  is  adequate  for  attenuation  of  residual 
radiation. 


STRUCTURAL  DESIGN 

A  built-up  elliptical  underpass  section  was  selected  for  the  entranceway  tubing. 
This  tube  has  a  height  of  94-1/2  inches  ond  a  width  of  70-7/16  inches. 

The  top  of  the  inner  tube  is  8  feet  below  ground  surface.  This  amount  of 
cover,  assuming  103-pcf  soil,  would  produce  a  dead  load  of  820  pounds  per  square 
foot.  Air-blast-induced  ground  pressure  will  be  reduced  from  100  to  70  psi, 
which  is  equivalent  to  10,000  pounds  per  square  foot.  Using  a  safety  factor  of  2, 
this  dynamic  load  is  increased  to  20,000  pounds  per  square  foot.  Thus  an  equivalent 
load  of  21,000  pounds  per  square  foot  is  imposed  on  the  elliptical  section. 

Using  the  long  dimension  of  the  elliptical  tube  as  the  diameter  and  an  allowable 
stress  of  45, 000  psi,  the  hoop  stress  is  found  to  be  6, 860  pounds  per  inch  of  structure. 

The  required  area  is  then  found  to  be  0. 153  square  inch  per  inch  of  structure.  Therefore, 
eight-gage  plate,  with  a  thickness  of  0. 164  Inch,  is  adequate.  Tests  have  shown  that 
multiplate  conduit  of  the  approximate  dimensions  of  the  inner  tube  will  sustain  the 
imposed  design  loads.  ^5 

The  tubes  for  the  first  leg  will  be  subjected  to  air-induced  ground  shock  from 
the  exterior  and  to  overpressure  from  the  shock  wave  on  the  interior.  Thus  an 
equalization  of  pressure  will  occur,  and  a  minimum-gage  tube  (No.  12)  is  selected. 
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Appendix  D 

FOUNDATION  DESIGN  AND  PUNCHING  ANALYSES 


INTRODUCTION 

The  purpose  of  this  appendix  Is  to  develop  the  relations  needed  for  analysis  of 
an  arch  foundation  and  for  estimating  the  amount  which  a  shelter  will  punch  Into  the 
soil  when  it  is  subjected  to  a  blast  load.  Both  of  these  analyses  are  dependent  upon 
the  determination  of  an  effective  modulus  of  elasticity  of  the  soil  and  the  derivation 
of  a  coefficient,  called  the  coefficient  of  subgrade  reaction,  which  accounts  for  the 
rectangularity  of  the  footing.  Since  the  foundation  and  punching  analyses  are 
dependent  upon  the  effective  modulus  of  elasticity  end  the  coefficient  of  subgrade 
reaction,  they  will  be  developed  first.  The  approach  will  be  to  (1)  derive  an 
expression  for  the  effective  elastic  modulus;  (2)  derive  appropriate  equations  for 
the  coefficient  of  subgrade  reaction;  (3)  set  down  relations  for  deflections,  moments, 
and  stresses  which  permit  determination  of  the  footing  reinforcement;  and  (4)  consider 
the  need  for  diagonal  tension  steel  in  the  arch,  transverse  ties  between  the  footings, 
and  torsional  reinforcement.  This  is  followed  by  a  dynamic  punching  analysis  based 
upon  a  single-degree-of-freedom  analog. 

The  relations  derived  are  for  a  shelter  buried  In  sand  and  do  not  hold  for 
environments  consisting  of  cohesive  soils.  Further,  the  calculations  are  based  upon 
certain  fundamental  soil  parameters  which  are  not  well  defined.  It  is  considered, 
however,  that  the  methods  presented  will  provide  a  conservative  design  if  reasonable 
values  of  the  soil  constonts  are  used. 


STATIC  DESIGN  RELATIONS 
Procedure 

The  relation  for  the  static  deflection  of  a  rectangular  foundation  hinges  upon 
a  knowledge  of  the  foundation  modulus.  It  will  be  shown  that  the  foundation  modulus, 
which  is  the  ratio  of  the  total  load  on  a  footing,  P,  to  the  total  settlement  of  the 
footing,  6q,  may  be  expressed  as 


k 

z 


T  ■ 

0  z 


(Dl) 
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where  E'  ==  increase  in  modulus  of  elasticity  of  the  soil  per  unit  depth 
b  =  width  of  footing 

C|^  =  coefficient  of  subgrade  reaction 

z 

Thus,  the  foundation  modulus  depends  upon  evaluations  of  E'  and  C|^^.  Accordingly, 
means  of  evaluating  E'  are  explained  and  an  equation  for  C|<j,  is  derived.  Then 
relations  for  the  deflection  of  the  arch  are  set  down  together  with  corresponding 
equations  for  longitudinal  moments  and  stresses.  This  is  followed  by  incidental 
expressions  for  the  area  of  reinforcement  to  resist  diagonal  tension.  Finally,  the 
requirements  for  transverse  ties  and  torsional  steel  are  considered. 

Determination  of  Foundation  Modulus 

Evaluation  of  E'  in  the  expression  for  the  foundation  modulus.  Equation  Dl, 
is  accomplished  with  the  aid  of  plate  bearing  tests  by  (1)  determining  from  the 
load-settlement  curve  of  the  plate,  (2)  deriving  an  appropriate  relation  for  Ck^  for 
the  plate,  and  (3)  substituting  kj,  C|,^,  and  the  plate  dimensions  in  Equation  Di. 
Equation  Dl  con  then  be  solved  for  E'.  Assuming  that  the  value  of  E'  is  constant 
for  a  given  soil,  can  be  found  for  a  particular  foundation  upon  deriving  the 
corresponding  value  of 

The  coefficient  of  subgrade  reaction,  is  o  constant  which  accounts  for 
the  shape  of  the  footing  and  the  variation  of  the  modulus  of  elasticity  with  depth. 
Derivation  of  a  relation  for  is  contingent  upon  obtaining  on  expression  for  this 
variation. 

An  expression  for  the  change  of  the  modulus  of  elasticity  with  depth  is  obtained 
by  assuming  that  the  modulus  of  elasticity  of  the  soil  is  a  linear  function  of  depth. 

This  assumption  is  valid  for  loose  sands  and  for  dense  sands  with  large  lateral  confining 
pressure  and  is  approximately  correct  at  relatively  shallow  depths  for  Intermediate 
confinement.  Employing  the  stated  assumption  and  replacing  the  unit  pressure  under 
the  footing,  q,  by  an  equivalent  depth  of  soil,  h,  as  shown  in  Figure  Dl,  the  effective 
modulus  of  elasticity  becomes 

E  =  E'  (i+  z)  =  E'  (h  +  z)  (D2) 

where  p  is  the  density  of  the  soil  and  z  is  any  arbitrary  depth  within  the  soil  mass  below 
the  footing  (Figure  Dl).  It  has  been  found  from  experience  that  reasonable  values  of  E 
are  obtained  if  the  value  of  q  in  Equation  D2  is  taken  as  the  value  of  the  unit  load  at 
the  upper  limit  of  the  elastic  region  of  behavior  in  the  load-settlement  curve  of  the 
plate  bearing  test. 


Equation  D2  Is  used  In  the  development  of  Equation  D1  as  follows:  The 
settlement  beneath  the  contact  face  of  the  footing,  Drawing  No.  936963,  Is 
equal  to  the  compression  of  the  truncated  pyramid  which  extends  a  depth,  H2,  to 
bedrock.  ^  This  Is  the  sum  of  the  compressive  strains  of  all  the  successive  horizontal 
layers  dz  of  the  pyramid. 

P 


Where  d6  Is  the  unit  deformation  in  the  elemental  length  dz.  Substituting  Equation  D2 
Into  Equation  D3  and  solving  for  the  unit  deformation. 


The  total  pressure  on  the  differential  strip  is 
=  AEc  =  (a  +  cz)  (b  +  cz)  E  ~  (D3) 


d6 


_ P _ 

E'  (o  +  cz)  (b  +  cz)  (h  +  z) 


dz 


(D4) 


The  total  deformation  of  the  contact  surface  of  the  footing  Is 


6 

o 


P  pcH^/b  _ 

^,^2  J  (r  +  z')(l +z')(s  +  z’) 


where  z'  =  cz/b 

r  =  a/b;  a  2-  b 
s  =  ch/b 


If  the  Integral  is  defined  as  Equation  D5  may  be  written  os 


m 


E'b^C  =  k 
k  z 
z 
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which  U  the  form  of  Equation  Dl,  On  integration,  the  coefficient  of  subgrada  reaction, 
C|^  ,  becomes 


z 


1 _ 

(r  -  1)  (r  -  s)  (s  -  ij 


I  (s  -  1)  In  (r  + 


/  cH  .  .  cH  . 

+  (r  -  s)  ln(l  +  -  (r  -  1)  In  (s  + 

-  (s  -  1)  Inr  +  (r  -  1)  Ins^  (D6) 


A  study  of  Equation  D6  has  shown  that  may  be  set  equal  to  infinity  without 
gross  loss  of  accuracy  provided  that  a  rigid  interface  does  not  lie  within  10  feet 
beneath  the  bottom  face  of  the  footings,  if  H-  is  set  equal  to  infinity  in  the  upper 
limit  of  integration  (Equation  05),  and  c  is  taken  as  unity  (in  accordance  with  the 
conditions  of  the  Boussinesq  Equation),  may  be  expressed  as 


z 


r  -  s 

Ins  Inr 
s  -  1  “  r  -  i 


s  -  1 

Ins 
■  s  -  1 


r  s  1 


=  1,  s  /  1 


(D7) 


Equation  D7  with  Equation  Dl  permits  determination  of  the  foundation  modulus 
for  any  specific  site  condition  or  for  any  specific  footing  dimension. 

Determination  of  Deflections,  Moments,  and  Stresses 

The  arch  is  treated  as  a  beam  on  an  elastic  foundation  (Figure  D2)  to  permit 
evaluation  of  the  diagonal  tension  stresses  which  have  been  found  from  tests  to  extend 
into  the  arch  approximately  one  and  one-half  radii  from  the  endwalls.  ^  Such  treat¬ 
ment  also  enables  calculation  of  the  deflection  of  the  mid-span  of  the  arch  with 
respect  to  the  end  foundations,  and  permits  determinations  of  the  longitudinal  moments, 
flexural  stresses,  and  shear  stresses. 
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Figure  D2,  Arch  as  a  beam  on  an  elostic  foundation. 


The  assumed  loading  on  the  arch  is  shown  in  Figure  D3.  This  loading,  as 
stated  previously,  has  been  found  to  be  approximately  equal  to  the  load  at  the  time 
of  maximum  response  of  an  actual  structure.  From  the  assumed  loading  the  vertical 
arch  reaction  may  be  derived  and  applied  (as  a  uniformly  distributed  load)  to  the 
arch  as  a  beam  on  an  elastic  foundation.  The  vertical  reaction  for  one-half  the 
arch  is  found  to  be 


V 

a 


(D8) 
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Also,  there  is  assumed  to  be  a  uniformly  distributed  uplift  pressure  acting  on 
the  base  of  the  footing  from  the  free  field  overpressure  equal  to 


u  =  ph  (D9) 

The  net  uniformly  distributed  load  on  the  beam  par  unit  length  is,  therefore, 

The  uplift  acting  on  the  endwall  footing  may  be  considered  to  result  in  an  upward 
concentrated  load  on  each  end  of  the  "beam”  equal  to 


P  =  2p  br 
n  0 


(Dll) 
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With  the  given  loading,  the  deflection  and  the  bending  moment  at  mid-span  of  the 
"beam"  are^^ 


and 


n  ■  XL  XL 

-j— cosh cos -2“ 


sinhXL  +  sinXL 


M 


c 


2P  sinh-^sin-^ 
_ n.  _ 2 _ 2^ 

X  sinhXL  +  sinXL 


where  q  =  unit  load,  Ib/in. 

2 

kj^  =  foundation  modulus,  Ib/in. 

E  I  =  beam  stiffness  factor 
c  n 

L  =  beam  length 


(D12) 


(D13) 


=  2k  JV,  where  k^  Is  obtained  from  Equation  D1 

The  properties  of  the  "beam"  required  for  evaluation  of  the  deflection,  moment, 
and  stresses  are  found  with  the  aid  of  Figure  D4  as  follows: 48 


z 


tr  sin  9  +  (r  cos0 


rte  +  Hb 


(D14) 


I 


B 

o 


2bH^  , 
12 


2bH  (r  cos  9 


(D15) 

(D16) 
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I 

and  1^  about  the  neutral  axis,  calculated  by  the  Parallel  Axis  Theorem,  is  | 


=  1  -2(rt0+Hb)2^  (D18) 


Figure  D4,  Sketch  for  determining  beam  properties. 


The  maximum  longitudinal  compressive  force  at  the  extreme  fibre  of  the 
"beam"  is 

M  nt 

(D19) 

n 

where  n  =  r  -  z 

The  maximum  compressive  stress  f^  due  to  is 

N 

f  =  — ^  (D20) 

c  t 
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The  maxitnum  tensile  stress/  ff/  within  the  footing  is 

M  (i  +  H) 

=  — 5-[- -  (D21) 


Reinforcing  steel  to  resist  longitudinal  compressive  stresses  within  the  "beam" 
should  be  provided  In  accordance  with  the  calculated  stresses  and  should  be  sized 
In  accordance  with  allowable  static  design  stresses.  The  minimal  reinforcement 
provided/  however,  should  not  be  less  than  that  required  for  temperature  and  shrinkage 
stresses. 

Reinforcing  steel  within  the  footings  to  resist  ff  (Equation  D2])  should  be 
provided  In  accordance  with  the  design  stresses  In  Table  II. 

If  the  concrete  carries  no  shear  the  unit  shear  stress  to  be  carried  by  the 
reinforcement  is^^ 


V 

max 


V  ^n.g. 

2tr  sin^ 

n.a. 


(D22) 


where  is  the  angle  which  gives  the  location  of  the  neutrol  axis  of  the  arch  cross 
section.  V  equals  the  maximum  shear  at  the  inner  faces  of  the  endwalls  and  is  given 
approximately  by  the  expression 

V  =  2p  r(b  -  D  )  (D23) 

f^o  ew' 


For  a  given  spacing,  s,  the  area  of  diagonal  tension  steel  required  is 

stv 

Av  =  — (D24) 

y 

All  that  remains  of  the  static  analysis  is  to  consider  the  requirements  for 
transverse  ties  and  torsional  steel. 
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Requirement  for  Transverse  Ties 


Lateral  displacement  of  the  footings  must  be  restricted.  The  reason  is  that 
bending  stresses  within  an  arch  having  free-sliding  abutments  may  be  200  percent 
greater  than  those  for  a  hinged  arch.  To  assure  against  these  bending  stresses  it  is 
necessary  ta  investigate  the  requirement  for  transverse  ties  (ties  between  the 
footings). 

The  primary  forces  acting  on  the  footings  are  shown  in  Figure  D5,  in  which 
Pp  =  passive  laterai  pressure 
p^  =  lateral  hydrostatic  pressure 
=  frictional  forces 

=  vertical  component  of  arch  reaction 
N  =  resultant  of  soil  pressure  forces 


F  =  D'Alembert's  Inertia  force 
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It  is  readily  shown  for  the  arch  of  Appendix  A  that  If  the  depth  of  footing  is 
3  feet  or  greater,  the  summation  of  lateral  forces,  pg,  is  slightly  greater  than  the 
horizontal  reaction,  Hg,  and  lateral  ties  are  not  required. 

Footing  Torsion 

Rotation  of  the  footing  has  produced  failure  of  the  foundation  in  test  structures.  ^ 
Since  consideroble  restraint  is  developed  in  monolithic  construction  at  the  junction 
between  the  longitudinal  and  transverse  footings  and  the  endwalls,  torsional  stresses 
induced  by  restraint  deserve  careful  consideration. 

Determination  of  the  actual  torsional  stresses  induced  in  the  footings  Is 
difficult  because  the  loading  and  restraint  in  the  foundation  are  complex.  The 
maximum  probable  torsional  stress  in  the  foundation  can  be  found,  however,  by 
assuming  that  the  torque  at  the  junctions  between  the  footings  and  endwalls  is  a 
function  of  the  rotation  occurring  at  the  springing:  50 


T  =  e  b  ^  C"’ 
e  e  e  e 


(D25) 


where  6  =  0. 00473  (Pgr /El)  =  rotation  at  the  support  of  the  hinged-end  arch 
®  (Figures  D3  and  DS) 

b^  =  width  of  rectangular  section,  inches 

t^  =  depth  of  rectangular  section,  inches 

C  =  detrusion  coefficient  obtained  from  test  dota 


The  actual  footing  has  an  isosceles  trapezoidal  section,  and  therefore  it  is  replaced 
in  the  computations  by  an  equivalent  rectangular  section  of  width  bg.  51 

For  economy,  the  term  Tg  most  be  equal  to  the  torque  at  cracking  defined  by 
the  relation 


T 

0 


rrb  t  V 
e  e  max 


(D26) 
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in  which,  numerical  values  of  fhe  elastic  constants,  o  and  X>  are  obtained  from 
Table  Dl.  The  remaining  terms  in  Equation  D26  are  defined  In  the  List  of  Symbols. 

By  equating  Equations  D25  and  D26,  the  ratio  of  the  area  of  stirrups  to  the  spacing 
of  stirrups.  Ay/s,  may  be  obtained.  Such  computations  demonstrate  that  a  hinged 
joint  should  be  provided  in  the  top  of  the  footing.  With  a  hinged  joint,  the  resistance 
of  the  footing  Is  compared  with  the  torque  developed  by  the  external  force  couple, 
the  E  p^  and  (Figure  D5),  to  determine  if  the  footing  has  adequate  torsional 
strength. 


Table  Dl.  Numerical  Values  of  the  Principle  Elastic  Torsion  Parameters 


or-^ 

1.0 

1.5 

2.0 

2.5 

3.0 

a 

0.208 

0.231 

0.246 

0.258 

0.267 

X 

1.669 

1.599 

1.614 

1.654 

1.689 

DYNAMIC  ANALYSIS 
Procedure 

The  rigid-body  motion  of  a  buried  arch  can  be  predicted  from  the  response  of 
a  mechanical  analog.  The  analog  utilized  is  a  single-degree-of-freedom  system  for 
which  equations  and  response  charts  are  readily  available  in  the  literature. 
this  section,  the  response  equation  is  given  and  the  load-time  and  load-deflection 
relations  are  presented. 

Equation  of  Motion 

The  differential  equation  of  motion  for  the  single-degree-of-freedom  is 


+  K  y  =  f(t) 
dt2  dt  z 


(D27) 
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Resistance 


where  m  *=  mass  of  system 


c  =  damping  coefficient 
=  spring  constant 
f(t)  =  load  function 

The  mass,  m,  in  the  analogous  system  is  taken  as  the  mass  of  the  arch,  the  endwalls, 
and  the  earth  directly  over  the  shelter.  The  damping  is  assumed  to  be  zero. 

The  solution  to  Equation  D27  depends  upon  the  resistance,  K^y,  and  the  forcing 
function,  f(t).  For  a  buried  arch  subjected  to  blast  loading,  the  idealized  resistance 
functions  of  Figure  D6  may  be  used. 


Figure  D6.  Idealized  resistance  and  load  Functions. 
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The  peak  ordinate  of  the  bilinear  resistance  function  is  the  ultimate  resistance 
of  the  footings  to  punching  shear.  Considering  only  the  longitudinal  footings  (for 
reasons  which  will  become  evident), 


R  =  2blqj 


where  b  =  width  of  footing 
I  =  length  of  shelter 

=  ultimate  punching  shear  strength  of  the  soil 

The  slope  of  the  resistance  curve  is  K,  =  2kj,,  where  k^  is  determined  from 
Equation  Di.  The  factor  of  2  accounts  for  the  two  longitudinal  footings;  in  using 
Equation  Dl,  kz  must  be  evaluated  for  the  dimensions  of  a  single  footing.  It  is  accept¬ 
able  to  use  only  the  resistance  of  the  longitudinal  footings  in  the  analogous  system 
provided  that  the  load  function  is  taken  as  twice  the  thrust  in  the  arch  at  the  footings. 

The  load  function,  f(t),  taken  as  twice  the  thrust  in  the  arch,  is  based  on  an 
assumed  radial  loading  of  peak  Intensity  equal  to  po  distributed  uniformly  about  the 
periphery  of  the  arch.  Considering  that  there  are  two  longitudinal  footings,  the 
peak  value  of  the  load  to  be  used  in  the  analogous  system  is 


f{o)  =  2p^rl 


The  effective  duration  of  the  load  may  be  obtained  from  the  semi-empirical  relation 


t 


1 


1/3 

W 


where  t^  =  effective  duration  of  the  blast,  sec 
p^  =  peak  overpressure  on  the  surface,  psi 
W  =  yield  of  the  weapon,  megatons 

With  the  preceding  parameters,  the  load  and  resistance  functions  are  completely  defined. 
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Equation  D27,  with  the  load  and  resistance  functions  of  Figure  D6,  hos  been 
solved  and  the  results  are  readily  available  in  the  form  of  response  charts.  It  is  a 
simple  matter  to  determine  the  peak  deflection  of  the  moss  in  the  analogous  system 
from  these  charts.  The  deflection  of  the  analogous  system  will  be  the  some  as  the 
deflection  of  the  arch  foundation. 


EXAMPLE  COMPUTATIONS 

Use  of  the  relations  presented  in  this  appendix  are  best  illustrated  by  the 
computations  of  Table  DIL  The  problem  is  to  design  the  footings  for  the  20-foot 
by  48-foot  shelter  shown  in  the  design  drawings  of  Appendix  E.  The  footing  size 
is  determined  by  the  allowable  deflection  and  not  by  bearing  capacity.  The  shelter 
is  designed  to  withstand  100  psi  from  a  megaton  explosion,  i.e.,  a  long-duration 
blast.  The  earth  foundation  and  backfill  material  are  sand  possessing  the  following 
properties: 

density  =  120  Ib/ft^ 

3 

foundation  modulus  =  258. 3lb/in.  (plate) 

The  foundation  modulus  was  obtained  from  12-inch  by  12-inch  plate-bearing  test 
data.  Other  soil  characteristics  may  require  design  modifications. 

It  is  required  to  determine:  (1)  the  foundation  modulus  for  the  shelter  footings; 
(2)  the  deflection  of  the  center  of  the  shelter  with  respect  to  the  endwalls;  (3)  the 
flexural  and  shear  stresses  and  the  corresponding  flexural  and  shear  steel;  (4)  the 
amount  of  torsional  steel  required;  and  (5)  the  amount  that  the  arch  punches  into 
the  soil. 

The  necessary  design  sketch  is  given  in  Figure  D7;  the  calculations  proceed 
as  in  Table  Dll. 


Figure  D7.  Sketch  of  loading  on  foundation 
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Table  Dll.  Example  Compufaftons  (Conf'd) 


Table  Dll.  Example  Computations  (Cont'd) 


Equaticn  D23. 


Table  Dll.  Example  Computations  (Cont'd) 


0.2p  H  =  0.2  X  100  X  36  720  Ib/in.  See  Figure  D5.  p^ 

°  equal  to  0.2  has 

been  discussed  previously. 


Table  DM.  Example  Computations  (Cont'd) 
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